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AUTHORS' ABSTRACT

This book examines tre effect of various kinds, doses, intensities,
and conditions of irradiation o'. optical, mechanical, Plectrical, heat-
phy ,ical, and other propertie.r of glasses and ceramics, and a31o the depen-
dence of the radiation stability of these materials on comnposation, &ai
processing. ilxisting radiation-stable materials based on glasses and ceraj-
ics and their possible applications are described.

The book is intended for scientific ipeciais;'; •n racdia:ion phrysicsi
ana solid-state physics, dosig-ners building objects vtat fun'ction in a
field of ionizing radiation, engineer-technologists on glasses and ceram.,ics,
and also students and graduate students at higher educational institutions.
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INTRODUCTION

Prcminent among synthetic products are materials based on glass and
ceramics widely used in all industries. Of particular interest is the use
of Jlasses and ceramics in instruments and equipment intended to explore
outer space and for research in nuclear physics, atomic power engineering,
and solid-state physics. In objects and equipment intended for these
purposes, during service articles and materials are subject to corpuscular
and electromagnetic nnclear radiations. Nuclear radiation acting on glasses
and ceramics modifies Their properties so strongly that these changes take
on no little technical importance and in several cases make the further use
of the articles impossible.

The first information on radiation-caused uhanges and glass properties,
ir particular, darkening and colorine, pertains to the time of t'e discovery
of radioactivity and did not have great pwactical value. Vigorous pro-
gress of research into the effect of nuclear radiation on materials began
as part of the discovery of the possible use of atomic enetgy for peaceful
purposes, and especially after the breakdown of various materdals in nuclear
reactors was discovered in 1947.

In the past two and half decades much information has accumulated, ena-
bling us to state with certainty that thereare practically no properties
of a solid which are unaffected by nuclear radiation. Exposure to nuclear
radiation usually adversely affects optical, 'hermal, mechanical, chemical,
electrical, and other properties of materials. However, in several cases
the positive effect of radiation on certain properties of materials has
been noted. In addition, nuclear radiation, being a controllable method
of introducing defects into solids, permits a more profound study of the
structure of materials and its relationship with their properties.

One feature of radiation exposure is the complexity of the processes
occurring, in a solid being irradiated. Often it does not appear possible
to predict the radiation breakdown, therefore in each case one must set up
an experimenL. Thus, it is altogether necessary to Take a detailed study
of tr.e maximum number of properties for the largrst number of materials of
diverse onemical and phase composition in order to attempt to establish

-2-



ct';'tair ~:,-rre~ation~s P.l Dropei-ty chanjj,;F: of s'iaisses and ceramiic maturia!L;
t.a t hnave Leen irradiatod.

in stucies made on the radiation resistance of glauses and ceramic
naterials, one often encounters iricomopatible and even con~tradictory data,
therefore their interpretation and generalization poses difficulties,
whnich are aggravated by the lack of well-jrounded theoretical Ideas on
the structure cf materials studied and tI~e relationship of radiation resis-
tance with compositi-on and structure.

The authors of thin present book Fet out not only to systematize
literature data, but -- by supplementing them with the results of theiir
own experiments - to attempt to generalize all available information in
order to reach conclusicns or. how radiation damage depends on the structure
and chevical and phase cc:zposition of materials.

Since ligh. trarnsrission is one of the most radiation-sensitive ch.-r-
acteristics oil glasses, it is natura. that the L'reatL-stl wealth of mate-rial
has ',oen accumulated i~rccisely or, radiation coloration of' glaoces at the~
prese~nt -tIre, e:-.sbling- thc- authors to bejin work onL oucidatinE the k-ire-
tics of color corn-er forr,-ation and brecakdo-w; 4 ar.d establishirjýg quar.titativc
correlations relatin,: radlat.ion-optical s'tability, with. thec compos ition of
a -lass.

PrC.blec:%s of the ffc ra"dIat.Loz: jjaý on -materia.: tpaK(? en -ow-ing
.--I:)crtarnce f-.r tne most diverse fields of science and technology, qndj
radiation stabjlitj' wiJLI be,;onae onf- of the esse'ntial ornavacteristics of
material, with krnowleage of which the L.,aterial, cannot be used iii struc-
tures functioning under irradiation.

Considering- the requirements imposed by conditiorLs of 3ervice under
irradiation, a larg-e number of materials with special radiation properties
.'iave been and continue to be formulated. However, thus far there is no
scientifically based classification of materials intended for service
under irradiation. fii attempt at this classification undertaken in 1963
was fruitful to somp extent, which also spurred +'he authiora to further
efforts in this direction.

Based on the classificatinn proposed in thiis book, materials intended
to serve under conditions of irradiation are combined into three grfoups.

1ý radiation-resistant materials;
2 radiation-nensitive ma teri~als; and
5) rriatorial~ for abcorptior, of radiation.

%0''ke Ii.Uii. IgrO'.A 1frl ne3atervilo thaUt JiiLeruct I esa t with thu rtadia-
tion flux aria whi-h nave stable chara,,teristicro when, vervi~ng- for ey~tendodl.
perioas under irradiation.

Tilt tseuond g-roup includes mnaterial:,, also weakly affected by theg radia-
tion flux, however upon Irradiation some of their properties undergo chan,,es



ta" t)! deircd direction, while other characteristics refain fairly
stable.

The third group embraces materials that interact miost with radiation
flx, ~that is, absorbing, scattering, and attenuating radiation. Mate-
rials in this group, in spite of their intenise absorption of radiation
energy- must also have adequate radiation reaistance.

In the view of the authors, this classification affords not only the
systematization of known materials, but also guides efforts of researcfers
in seeking new materials with special radiation properties.

In contrast to certain monographs and surveys dealing with the sffect
radiation has on solids and of interest above all for physicists and
scientific workers studying radiation effects, the book offered to readers
is intended for a wide rang1e of engineers, desiýmers, and -echnologisrts
formulating and using riaterials intended to serve under conditions of
exposure to nuclear radiation of different kinds and energies.

ThIsfirst atterpt at presenting the essentials of a grCowirng s.,iencep
radiation materials science on glasses and ceramics -- is unquestionablv

not free of shortcomings, and the authors gratefully welcome readers'
c~o-mments.

-4-
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PASSAGE OF NUCleAR RADV'•TION]

TiMOJGH GGLASES AND CIERAIKICS

. Kinds of Radiation

Amorn the main r:inds of radiation capable of substantially affecting
the physical properties of materials areCL-, P-, andi-rays, protons and
neutýron!s, comprisinC nuclear radiation, and also x- and hard ultraviolet
rays combined wih O(-, 0-, and 'J-rays and protons as ionizing radiationr.
CV.aracteristics of the various kinds of ionizing radidtion and their
dosinietry methods are presented in numerous vorks [1-5].

Alpna-particles are doubly-charged nuclei of helium atonis and are
produced in the aC-decay of the nuclei of radioactive isotopes of heavy
"ee.euents. The enereg of O.-pirticles emitted in radioactive decay fluc-
tuates in the range 9-20 Vev. iigher7-energr cc.-particles can be produced
in accelerators.

"Either radioactive isotopes or various accelerators (linear, betatrons,
and so on) are a source of A-radiation (electron flux). Ellectron energy
depends on the accelerator parameter; or on the K1iyjd of radioactive isotope.
Particles em~itted in, t-decay have a continuous energy spectrum in the limits
from zero to the maximum value, whiah for various isotopes lies in the range
from several kilo-electron-volts to several mega-electron-volts. The
energy of electrons attained in betatr-on type accelerators is tens and even
hundreds of atega-electron-volts.

y-B•yy are emitted by the nuclei of radioactive isotopes or else are
produed in the decoleration of eleC2trons when a taret in bombarded.

"i;n(`rY spectra ,fT -ra'•y produ;d dui.'inj radioactive decay represent
a :.t; of ronoiiocnromnati line.A, each of wr'ic. chrar;teorizes the possible
trarsition betweron discrete enera' leve~ls of excited nuclei. The value
of trwese ererlies Usually lies in t"• range from .. ... l l
voits to several meg-a-elcotron-volts.



In electron deceloration, a continuous spectrum of 'f-rays is produced,
cr~ncn are irnnosed individual lines determinin- the porssible transitions
between discrete enegy levels characteristic of the tareet material. The
tcaximum energy of bromostrahiung y'-quanta is as high as the enerF~ of
incident bombarding electrons. T~he effect of ener&- of bromestrahiuna
-f-quanta is usually about 30 percent of the maximum energy.

Protons are the nuclei of hydrogen atoms. They have considerably less
penetrating depth than electrons Or T-rays. In materials-science investi-
gations, linear o1r circular-or-bit accelerators, for example, cyclotrons,
are the proton source. Proton energies achieved in cyclotrons amount to
several and tens of .nega-electron-volts. In synchrotron, phasotroni, and
synchrophasotr'n type accelerators, proton beamu with energies of us much
an tens of billions of electron-volts can be produced.

.Neuitrona are elementary particles present in the courposi~tior± of atomic
nuclei that bear no electrical chargte. Ener~ywisc, then are classified
as fast "with eneri-iezý from 0.11 to 50 Mev) and thermal neutrons (from 0.005
to 0.5 ev>/

In nuclear rle-&ctors +.ha chain rcyaction ci:C the fission of heavy nuclei
'i.s týhe neutron s.,urce. In varioui accelerLtors neutrons can be produced
,3 the result of secondary radiation formed by the bombardment of a target
vith protons and CC-particles.

itadioaotive prepaiati:;n3 mixed with a substance that on exposure to
oý- cr -jrayrs emits, neu~trons, for ex&Trple, a mixture oi radium with beryl-

11urm, car, also serve as a noutron source.

As d rule, neutron emiscion is accompanieod by other ionizing radia-
ition. :tronryg-radiattion existo along with neutron rýAdiatiun in the
chAnnelr of atomic reac:tors.

2. Problems of Dosimetry

r.The contepts of exposure dose and absorbed dose are u.jcd in charac-
terizing, the cc'iditions of irradiation and to determine tile effect of
radiation on a solid.

The exposure dooe characterizes the radiation field or the radiation
criera, emitted by a source, that is, the external conditions in which a
rmatarial is uituatud within the ran:;e of action of the radiation source.
Tjhe absorbed dose churacterizes tho eoriorI obtained by the sample due to
radiation expoosure. In addition, the concepts of doue rate and radiation
irtujn.3ity are u-3a.-1.

Dosc, ratce (exposu~re done or absorbed dose) in characterizecd by the
amoun.t of oerferW uu,.ittE.d. brr a source or a"'jsorbed by a sample per unit time.
by defirlition, dose rate is



it

,:hro fD io the dose and t is time.

The radiation intensity refers to the enertW of radiation per second
per cm2 of surface perpendicular to the dir.-•ction in which the radiation
is propagated.

GOST [State Standard] 8848-63 establishes the units most typical of
indicated fields of use, with allowance for the specific details of
physical processes occurrring. By this COST, the density of a flux of
ionizing particles of quanta is measuredýnpartlsles (quanta)/seo • m2, radia-
tion intensity is measured in w/m 2 , absorbed dose -- in j/kg, and rate of
absorbed dose - in w/kg.

A supplement to the GOST gives the definition of a unit of absorbed
dose, according to which j/kg is the absorbed dose for which 1 j of ener&7
is transmitted to a mass of 1 kg of the radiated substance independentlyof the kind of radiation.

The exposure dose of x- and y-radiation is measured in k/kg. And
k/kg is 33so the exposure dose of x- aAd r-radiation in which the combined
corpuscular emission per kilogram of dry atmospher- c air produces in the
air ions bearing charge equal to 1 coulomb of electricity of each sign.

GOWT 8848-63 also permits the use sf certain extra-system units and

their derivatives. These units include the unit of exposure dose for
x- and T-radiations -- the roentgen (1 5 2.57976 x i0"4 k/kg) and the
unit absorbed dose is a rad (1 rad = 10- g/kg). We must bear in mind
that according to the standard it is allowed to use the exposure dose units-K/kg and r (•oentgen) for radiation with quanta energy not exceeding 3 Mev.

For irradiation with charged particles, usually the current in qhe
beam I is determined experimentally and the energy of the particle flux
is calculated from these data:

I = rze particles/sec,

where n is the number of particles passing through the beam cross-section
per second and z and e are the charges on the particle.

In many investigations, for example,in radiaticn chemistry and solid-
state physics, the absorbed dose plays the decisive role [5]. In mate-
rials-science inverjtigatioijo it is the expos•urv dose that is central,
sincee the researcher is interested primarily in the change or lack of
(:hangu, of properties for a Lspecific external exposure. However, determi-
nation of the absorbed dose is also Lmportant in material3-.oience investi-
gationn since only in this way can .me comparo the effect of different
kinds and energies of radiation. The exposure dose is determined experi-
mentally in different wnyz [', -,,. 1h1 atorbod dotc io cithor caloulated

by a method presented below, or measured, for example, by chemical dosi-

-7-



,,ht-n radiative flux passes thrcut•h any riý-dium, it.-i attenuation

is observec, described by lAmbert's law (for parallel rays):

1 = 0- (1)

where I0 is the incident flux intensity; I is tne transmittec flux intensity;

& is the thickness of the attcrnuatino layeri and jk iu the total linear
•oefficient of attenuation.

The value of the coefficient F is determined both by the attenuating
medium and the. kind and ener& of rL'diation. Depending; on the kina ana
cner6V of irradiation, flux attenuation takes pli&ce duo to several processes.
each of whi.,h contributes to the value of the coefficient UL. In the gen-
eral case these processes can be divided into s,!attering and absorption.

5,.attering can be elastic, that is, a process in which only tone airec-
tion of travel of the particle i.; .iodified, without enertW loss, for
.:catterin": may be inelastic, when the chang- in the direction of travel
is ac:companied by a cnen6 in the kinetic ene.ra' of th,: particle. Some ofihe particle s energy in the latter case is expensed in displacing atoms
from lattice sites, exciting nuclei and electrons, and ionizing atoms.

FýAjor losses in e..rg' resulting from numerous inelastic collisions
for acequate material thickn~ss ufn leud to the. total deceleration of a
-:,ovin : particle, which is analogou., to the absorption of radiation. How-
evcr, by truc. absorption we mean the elementary ac-t of interaction of
radi..tion ,it': a mediurf that 1'xids, in jurplike fashion, to the total lose
of kinetic energy of tihe bombaraing particle. Nuclear reactions and the
formzAtion of photoelectrons anu elvctrcn-poaitron pairzi arc examples of
this kind of process.

.o ;ucfficient of attenuation/ serves as i characteristic of the
p-,rtiee of a medium, whih in the case of a glass or ueramic gnerally
ape-.inir i.; a multicomponent system. Therefore it is comprised of partial
-cAfficients /4,. relating to individual components of the material.

T2c calculate the linear coefficicnt of atteruation of a material based
on its chemical composition, we must u-c partial ralues of the mass coeffi-

rticft- of attenuation, that is, coofficients relating to zhe density of the
,'c,,pon~ent. a'•t~e:'ial i/4e, cAlculateo for a number of substances (Tables I-

) In thi12 can'

,,,



"2ABSL.:; . AA2d33 C0.1T ,.•h1 IN OF ATh.2;ýNUATAPluN OF C'A-h&3 BY
OXIDES OF CERTAIN "LELMfNTM

A Ko I4mie 7 oc..adA CMi'a a Urx'1 npm Lpric ouiI.a b Mm

AI4 0, ,08.57 0,Ofi 2 6 0 0356 V 0261
0,0967 0.0579 0.0362 0,0354

BoO 0.093G 0.0610 0,0341 0,0236
1 ~O~J 0,08.1 0,0622 0,0345 0,0262

V,O, 0.086; 0 ,0505 0,0347 0,0274
\'O• 0). 08n3 0, 0603 0.0349 0,0270~I( 13 0, 1487 0, 0705 0,0410 0,0428

WCO, 0,1218 0 O, OO 0,0392 0, 0390

(i61,0 Orr)q 0,061. 0,0370 0,0377(J.1,03 10, wi 33 U,0.-)go 0,03i2 0,0291

SiO, 120 0.060 0.03901 0,0394
O 0,0835 0,0592 0,O350 0,0291

0 ,1130 0,0623 0.0.15 0,0:486
iO0,1123 0,0020 0,0383 0,0184

'u.-i04 (, I I rm 0,061) 0,0333 0,038' JSbiiO 0,1167 0, (.6I'j 0,0384 0,0380

I'eO 0,0847 0,0C)7 0.036i1 0,3293
I, e".) 0. '.• ,i10 0, 0360 O, 0 S
IL'-O' 0,08-1) 0,0610 0,0359 0. 02"10
h101 0,0-)13 0,0578 0,033 0,0339

YbO, 0, 1166 0,0732 0,03. 0,03%ti
Y.), (,, 0li I , 0,0:)90 0,035S 0,0M18
C(dO O,0'10/ 0,0o83 0,0 0363 0,0342
J)O 0,0862 0,0023 0, 0,0283

C.1O 0,0863 0,0635 0,0312 0 0288
CoO 0,0834 0,0596 0,0354 0,0290
NiO 0,0867 0.0618 0,0367 0 0305
Nb206 0,0867 O,0600 0,0"'2 0:0315

S1O0 0,0811 0,0587 0.0360 0,0334
Sio 0,0017 0,0592 0,0361 0,0334
Prf(J 3  0, 1032 0,0506 0,0377 0,0309
IlgO 0,1425 0,0689 0,0407 0,0427

I bO 0, 038 0,0572 0, 0341 0,0316
Stn2O3 0, 1069 0,0611 O,03bO 0,0375
S1110 0,1078 0,060) 0 03M1 0,0380
PbO 0,1473 0,0698 0,0409 0,0431

[--Y on following pag.-
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TaUL• 1. [continued]

AK.,44n,,dsa nt cJAA6A*Ie,,,I S CWV;npu),ep VIOI-u 410TONS n MM.

0 1

PbOt 0,1432 0,0693 0,0405 0,0419
Ag;2O 0,0917 0,01590 0.0359 0.0342
AgO 0,0913 0,0593 0,0367 0,0348S0203 0,0811 0,0G07 0,0353 0,0274

SbO, 0,0919 0,0583 0,0361 0,0332
0,0914 0,0.8s9 0,0.01 0,0332T1O0 0,1475 0.0093 0,0403 0,0134

TIO0 0,1425 0,0689 1 0,0405 0,0347

Ta '0 0,1205 0,0616 0,0392 0,0393
Tb0,i 0,1114 0,0016 0,0382 0,0382
T:0 2  0,0842 0,0610 0,0353 0,0271
TiO, 0,0835 0,0604 0,0351 0,0275

""C 0,1619 0,0747 0,0420 0,0439
Th2Ol 0,1177 MG0,035 0,0390 0,0398
Uo, 0, 1678 0,0754 0,0462 0,04:34
U3O0 00700 0,0757 0,0424 0,0428A

P205 0,0863 0.0627 0,0350 0,0263
Ct2O3 0,0841 0,OO03 0,036.1 0,0282
CrOj 000848 0,606 0,0354 0,02G7CS2O 0,0975 0:0589 0,0367 0,030G

CeO, 0,1001 0,0579 0,0370 0,0357
CeO, 0 0,0910 0,0597 0,0371 0,0363
Z,.0 0, 0647 0,0395 0,0357 0,03u2,

ZrO2  0,0865 0,0592 0,0360 0,0317

Er,03 0,1159 1 0,0626 0,0387 0,0392
SiO, 0,0870 0,0634 0,0Z32 0,026C5
La2O3 0,0981 0,0589 0,0367 0,03(5
LitO 0,0817 0,0391' 0,0326 0,0236

LuO 3  0,1203 0,0640 0,0391 0,0401
mgO 0,0863 0,0628 0,0300 (0,0262
MnO 0,0829 0,05",14 0,0360 0,0284
A1110O 0,0838 0,0603 0,0353 0,0279
CuO 0,0940 0,0597 0,0356 0,02U8

molO, I 0,877 0 0600 0 0361 0,0314
As 2011 0,0838 0:0592 0: 00383 0,0294
A520 0,0 840 0,0505 0,0353 0,0292
NaO 0,0845 0,0616 0,0351 0,0W55
Nd2oO 0, 1041 0,0605 0,0376 0,0369

Kv-Y: A -- Oxidv
S-- C:.'1'j:i(,t. I, (f itOtIU1n tion in cm /',; for lioted proton

onrw.gj in Mo,,v
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*2ABLU 2. ,-A.5 CEFFICI'NTS OF ABSORPTION OF GA',',2A-RAYS BY.•. • 
..c..o

jAS.• NJ l~i COS 02 - Na20 • 05MxOy

S 1 3

4SO 2 . N.aI. 0.25LiUO 0,0843 0,0632 0,03538 0,2"34

4SiO. 1,25Na2O 0,08G4 0,0030 0,0360 0,0263
4Sio;, N.taO 0,2KO 0,0865 0,0620 0,0380 0,0265
4SiO NO - 0,25.Iib('j 0,02 0,0622 0,0357 1 0,0270

4 iO, N.,4U 0,23bcbO 0,0886 0.0622 0,03G1 0,0282
-1Si. Ni,20-,5•Oe 0,367 0,0629 0,0359 o0,02G2

4SI-oU. N;,O. O,SMgO O,OA6t 0,0G29 0,0330 0,02M3
4 %io - N,-,O -0,5CaO 0,0,)64 0.0G31 0,0350 0,0'266

4S,(. - N;A) -0,5BaO 0:or,0s, 006209 0,0354 0,0283
4Si1.2 • N,,.O • -. 5Z1O 0,0P62 0,0025 0,035S 0,02•1•
4 S(. • N;,,() 0,-0dO) 0,0871 0,0635 0,0300 0,0277
4'O••, 0,25B[,3) 0,0•i2 0,0630 0,0359 0,0203
4SiO, • No,() - 0,25AI;03 0, 0~tV. 0,0630 0,0359 0,0263

,4";)4. N,,O OL2mL.C) OO~ ()Q., 0,0309 0,0268
4),O,- N, j) 0,2i, IOj 0,069 0,00c0 0,0359 0,0274

4S,( • *,,O • 0,,i1 0O 0,0Ah,0 0,0627 0,035S 0,0264

4 S-,,•) 1 ,%.,,0 • 0,571 Oi O, 0,01)22 f 0,0359 0,0273

4•S 10, N.,() • 0,51110i 0,0(,3 0 0,0633 0,0357 0,029)1
4bi-N,O, OGeO, 0,tuw 0,062' i 0,0351 0,02G8

4S0.) • NaJ) 0,SSnO 0,0M."): 0,0022 0,0354 0,0276
40'i, • N;J0 •0.5SnO 0,0874 0,0622 1 0,0356 0,02;2

4S*{)- NaJ)O 0,61%PbO 0,0934 0,O01o7 0,0367 0,030S

4.0, O N..o ,0,2SV0,o 0,0h59 0,0625 0,0358 0,0',65

4S010 N,O0 ,0,25'raO, 0,0947 0.063L, 0,0360 0,0295

4S10 2 Na2O (0,251,O.s 0,01)G3 0,0029 0,0359 A, 0265

4C'iOU' NUO • ,25As,. 0,086 1 0,0624 0,0357 0,0268

4S10,1 Na0 .0,25Sb,Os (10,873 0,022 0,0359 0,0277

4S,(, NaO •0,25biOj 0,1039 0,0649 0,0374 0,03!1

4 Si0j Na.O, 0,5M'A) 0,OS7W 0,0625 0,0300 0, 0276

4Si0. Na 2 O .0,5WO, 0,0904 0,0036 0,0,%9 0,0301

4Si,0, NaI20 0,25NbvO, 0,0865 0,0623 0,0360 0,0251

4.S10 2 -,Na. -0,25La,0•0 0,0889 0,0016 0,0361 0,0283

K)Y: A - Molar composition of Class
B -- Coefficient of 3bsorption in cm2/g for listed proton

energy in Mev
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'Th1L:* ~. VALU;.". O U!1"LIrfhAi~ CUiEFiIC-"IPN', OF ;i.0~'IXU AA
ii,,Y.: iuAli L.:ý TI'ttI N CONI'V RCIAL iýAYI'i(~I A '

A IlelnLlCIS A V-XIr; O~PI',I, C 1I)

KnapLLCBO CTCKJIG 0,19 0,14 0,08
Hen~pepIAomitti npoICAT E 0:21 0,15 0.08
Or'TWCCKOC TCPMiOCTOfIX0 C-rCKu1 JIK.5 0.2! 0,16 0,09

K-1w~o : 0.:2!: 0,16 0,08
Ba1TO* .O 0 022 0. 15 0,09

Ter WocrOiK00 CTC~nci 13a .rH. 0 21 0,15 0,09
To ;cAtjA ý.IIHT I . . .. j . 08 0:41 0.24

KEY: A -Material -
B -- Linear coefficient of absorption in ca7 of gammad-

quanta with listed ener&i, in Mev
C - Quartz glass
D -- Continu~us :,olled stock
E LK-5 optical heat-resistant glass
F -K-S optical glask;
G -- Barite crown
H -13V beat-resistant glass
I -- Heavy flint

Whe~re 13~ th,. aensiLt of the wriiteriel; a. it; the weib;ht fraction of the
I

conmpone.nt; and in the partiiW. mass coefficient of attenuation.

Ir~ .uL-n

P1 T1

wh~ere N i:; Avogadro'a number; A.i is theo e~ram-atomic weight of the cco~iponent;

~ .is the inteeral cross-sE,.tion of interscution of the ccmpr,ý;rent atow

with raditstion.

Th~integriA2 cross-seution it; the sum of differcritial sections, each
(if which iL- the pr~obatW iity thfit somt!ik(2 veiMe1Atsr.y pr~oC M will1 tdikV

T';"' wr' (n tjr. nuc].eueJ fin brmrrnL,j d wi th it f)iv u ' f on#, p~r rtic.'' Per ,m?

;w T - j- f~ rjki i h vi~j- (S Ifif o ij r (W th ru11,i~1pn

, 12



TA.BL 4. VALUiE OF CONSTANTS cJ:J.CTTIERIDING TV'E ABSOIPTION OF
TDitY',AL NEUTRONSO? 0XIDfEi ( EITPi EN'.GY OF 0.025 evL7]

hiu 1 148,2 2,01 !-,99 0,1 2,991"
hv, 134,2 7,1; 2,49 0,279 0,319
11 )I 7.55 3 0,546 1,27 0,182
Alh to 7,2 3,48 0,385 1,8 0,108
ZnO 1J,5 516 036,1,4 0.0629

CdO 11 8,1 90 i 0,0077 11

11g0 414 11,2 12,9 0,0537 1,15
AI1O 20,5 5,4 0,942 0,736 0,174
Ft-) 17,5 5,75 0,848 0,822 0,147
N.O 23,2 1, 8 1,27 0,545 0,187
ClO 25.1 i 6,0 1,15 0,6 0,192

6110 6,25 0,243 2,65 0,037

I'h) 12 , m 9,49 0.328 2,11 0,0.316
R.0, 1452 ,6 1 ,1 22,8 0, 04 I0,
A,\0. 45.i , 1,8 0,3Y5 1 9'5 0,0915
h1.O, 3(12 , 7 04 S, 98 0 116 0,853
la,( 1.2.6 6, 51 I 1,72 0:403 0,264

9212 6 7,,2 116,9 0,0005 15,8

(hd.I. 92012',¢, 7,41 1930 0,00061 153

S()02312,6 7, : 29,2 0,0237 3,74
NI ,'J 5 0,438 .51 0,o475
'-'7 5,2j 1 0.558 1.24 0,107
.15,2 4 G! 0.; i 08i17 0,173

l, 2uG 8,5 0,292 2,37 0,0344

SIO' 10,7 2,2 0,238 I 2,91 0, 108
Cr(, 14,4 3,63 0,301 , 2,3 0,083
7rO, 18, 4 6 0,5;0 1 i,2i 0,09
S:,O, 12,9 7 0 .6' 192 0,051

"1 17 9.6 1 0.41 1,69 0,042
.'iO6 24.7 5 0,855 0,811 0,171

NI)2O 47,5 2,05 0,555 1,23 0,.7,

0,0 2105 0092I"0' 29.9 2,74 0,348 199 0,127
Sti,1 6 37. 6 7.80 0,5'1 1,26 0,07
"TaO5  74 8,02 0,809 0,858 0,101
111,0i , V 5,1 0,216 3,21 0 0423
Cr01  19,8 2.81 0,.336 2,06 0:119\VO, 35,6 7,16 0,662 1,05 0,0926

MEY; A- Oxides

Remark. '-M 0 is the effective cro.133ssection of absorption bt the

o e is the density in g/cm i ý'; is the linear coef-

ficient ,.. attenuation for oxides in cm1 ; & is the thickness of a
]yz of tivý ratorial in (;r,, rcorrusponding to half-attenuation; and WMO

ifi l,he mu;;:; ,;uefficiort of abujorption in crn2 /g, xy

- 13-



I
where 0 and 0 are the differential cross-sections of elastic and
Lofmpton scattering; - 7 anl d 0 are tnh aifferential photon absorption

S a n
.zross-sections for the photoeffects, formation of electron-positron pairs,
ano nuclear reactions, respectively,

Thre last term in equation (4) is s7LnftOant only at very high photon
eýnergies when nuclear prccesses becor;e possible, but for ordinary energi.es
obtained in reactors and from radioactive isotopes it can be neglected.

For neutron irradiation,

I e4es I a aba' s

where 6- and 0. are the c27oss-secticno of elAstic and inelastac
e.s

scattering; 6 ab refers to absorption processes.

For irradiation with thermal neutrons, the last term in equation (5)
characterizing nuclear reactiona takes on decisive importance. Absorption
cross-sections of thermal neutrons by certain oxides are given in Table 4.

In all cases of the irradiation of material3, the abpcrbed dose is
defined as the frAction of the radiation energy transmitted to the target
material and, therefore, depenas on the coefficient of attenuE.tion if the
radiaýtion of the materials. More exactly, the components of the coefficient
Snot associated with elastic scattering play the decisivc role, therefore

in this process energ' is not tranns.Jited.

4. Passage of Charged Particles Throuch I/A-vrial

Processes of the irtexactio;, of charged particles with material have
certain specific features compared with the interaction of electromagnetic
radiation. They are detailed in several studies by Soviet and foreign
authors [6-12]. In this book the anthors do not set out to presen' their
detailed examination, but limiT themselves only to general principles
necessary for a rough estimation of absorbed dose when charged particles
act on material.

Lft us consider two cases.

1. Mhe thicknens of the sample ic less than the length of the particle's
fr',e path. The absorbed dose can be cetimated by the formula

D A Eni. I,. 10-8 Ar E'ni. i,6 ' o-- tad, (6)

-. 14-



where &-, i.1 the enera "ost by the particle on passing, trroueh the sample,
in Mev; n is the flux intensit.y in particles/cm2 •sec; t is the time of
irradiation in sec; S is the linear thickness of the sample in cm; e is the
aensity of the material in g/'cm; ana b - is the m.ass thickness of the
specimen in g/cmn2 .

In irradiation, usually the current in thi beam of charged particles
is measured to determine the dose. If the current is measured in micro-
amperes, then for protons

6P rad.

For O-particles, the absorbed dose will be determined by the formula

I') 10t rad,

2x

sin,:e the parti-le charge is twice as larte as the proton charge.

If a particle gives all of its energ( to the sample, the absorbed
dose can be estimated by the formula

D.E.e0"0  = 1 rad, (7)

where :' is the energy of the inuident particle in Mev; z is the charge on
the particle; and P. is the length of the pdrticle's path in the material,
in cm.

To calculate the absorbed dose, we must know the energy lost by the
particle in the sample (formul.a (6)) or the path length (formula (7)).
Generally, these quantities depend on the energy of the particle, its
charge, and also on the composition of the material.

A rigorous theory enabling us to calculate these quantities is overly
complex. However, for many practical purposes it is sufficient to estimate
t',ese quantities even though within limits of an order of magnitude. The
quantity AE appearing in formula (6) can be calculated to the first approxi-
mation as proportional to the mass thickness of sample s £

(8) j

where dl,/dx iL" the stopping power of the material.

Heavy particles lose their energy practically continuously; th,;ir

tra jectory is nearly linear; and the path length in the material c~rresponds
to the depth of penetrmtion. At energies usually employed in materials
science investigation (for example, not more than 100 mega-electron-volts

- 15-
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for protons), the main losses are ioni,,ational (expenditurc, of ener&r in
oxcitin.- atoms and moleoules) and lo:3se- in t(ne elastic interaction of a
ývcrtiA'I- with nuclei of --he mate-1:QI or with atoms as a who>(, 1eadin#ý
to thtQ displacement phenomenon. Losses coauneo by elastic collisions with
electrons and inelastic collisions with nuclei can be neglected. Therefore,
practically all the energy lost by a particle goes to determine the absorbed
dose of the sample.

.Ihen electrons pass through a material, in addition to ionizational
l~osses making; the principal contribution to tne absorbed dose, rddi~tional
losses associated with the initiation of secondary radiation, and also
scatterin~g of electrons, their reflecti~on from the surface of the sample,
and so on begin to play a considerable role.

lonizational lossea appearinG in formuila (8) and therefore, AE are
prcpnortional to the expression

6p A

'where p, Z, and A are the density, atomic number, ana atomic weight of the
absorber, respectively; and v is the particle velocity.

Since for most elements Z/A ;Z 0.38-D.5, that is, practically the
same, ionizational losses of enera in a mzAteri&al are determined m~ainly by
t're particle enera' and by the mass thickness of the sample v =t is-low,
are indicated the specific ionizational losses of electrons with different
energies in aluminum [8].

B. lse 0,5 1 2 3 1 516_ 7 '18 '19 :110

-dE j
M c 1 3 01,75'0,5 0,1,307 0,75 0,8 0,85 0,9

n-ZY. A Mev 2
B - .4v cm

Values of thn mass z-topping, power of protons, expressed in Nokv cm 2 if
f',r aluminium are eiven in Table 5 and rcan be used for glasses and ceramics.

;I. T1i.1 jwh~rtJ'2h] loaces all ito enc-i-y in the saraple. With the Complete
ahcorr IA oni ff a particle in a oamiplc, to calkcul. te the absorbed dooe we

c~~Lknow tihe Ifingth of trie particle's path In the teat material. This
case is enicounitercd most o~ftvn in prac.t3,ce when a material is irradiated
with heavy particles.

-16



T ABLE J. TI]OiRETICAL VALUES OF T&E MASS .ýTOPPING iPOWLR AND PATH
LENGTH OF PIROTONSý IfN ALUMNUM [i]

I # K I'

A !~~ /.~' - d fl__ _ _ I 1 E M A wl) 4 1

0,1 37! 6 50 70,42
0,2 345 7 44.5 Oi,64
0.4 279 __ I 8 40,2 115,3
U, 230 -- 9 36,8 141,30,8 197 10 33, 169,61 173 4.15 12 29.5 233,1

111 11,6 14 26,1 3()5,38 3,2 22, US 16 , 3,5 J't6..
4 67, 35,5C) 18 21,5 475,1
5 57,3 51,7 20 19,8 572,3

2

KiY: M-- 4ev cm/g 2

B -- cM2

Por the approximate estimation of the length of the path of protons
in aLr, we can use the formula

Hair /'I ).• (10)

where ' is the proton enerý r in Cey.v

This formula is suitable for enorcies to 200 Mev.

For a rough estimate of the path length in other media, it can be
regarded as inversely proportional to the density of the medium, that i6

= (Fair/'m)hair,

wnere e is the density and R is the path length in meters.

The length of the path of protons with different energies in aluminum,

whose density is close to the density of many glasses, is given in Table 5.

iialf-values caloulated for aluminum based on formulas (10) and (11)
agrec with those given in 'Tabl 5, with an accuracy to 10 percent. The
path lonjlth of lectrot,- e:fo litlit ng~teriAls like aluminum and glasses is
- i't',rrrjied wi t tho forprula

0 .2j.: ' ,( 2)

w,,It; r. J•th; : olc;rctr, eeruJ ['2.

Formula (12) is valid when Z> 0.5 yev. For energies below 0.5 Mev,

it• -0 1 . z .I !
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'e,( roemiwibt tlaxi1. due t r mu).ti p3' rl i r thfl- depth of' plirti ;J-
:ncntra tion 4n I~ho n~i~i~oria.l pr-fea to be !ear, tnrin thto i'.aximurn possibie path

wh.J n-i1f r:turail .al~so it.troducciý an error lný. th'! t,,tirtatlon of
I Ie absorbecl nose.
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CHAPTER TWO

RADIATION EFFECTS IN SOLIDS

When nuclear radiation acts (;n a solid, several effents are produced,

dependent both on the kind and energy of radiation, and on the nature and

properties of the irradiated material.

The action of radiation on matter iL a complex process since the same
kind of radiation can cause different effects. The process is complicated
still further by the fact that radiation exposure only in rare cases Ceduces
to the collision of an incident particle or quantum with a target atom. Most
often, this collision is only the beginning of a chain of subsequent acts,
the primary stage causing various secondary phenomena, often more severe and
ultimately determining the nature of the effect of a given radiation on the
material (of. scheme).

Of all the kinds of radiation effects, we can single cut three large

groups:

1) effects of the interaction of radiation with the nuclei of elements;

2) electronic effects (ionization and excitation) cansed by the inter-
action of radiation with the electron shells of atoms; and

3) displacement effects in which the normal positions of the atoms (or
ions) at lattice sites undergo changes.

1. Interaction of Radiation With Nuclai of Elements

The c:ollinon or a bombarding particle with a target nucleus can lend
to variouu consequencea. Firutiy, there may be an interaction in which the
particle and the nucleus behave as elastic spheres flying apart after ccili-
sions in accordance with the laws of elastic iapact (elastic scattering).
Secocdly, interaction is possible which results in the produotion of a particle
of the same kind as the bombarding particle, but the terminal nucleus remains
in the excited o•. ta (•ielaaUtU scaitering). Finally, interaction leading

- 19-



To changes in the composition of the target nucleus and thus to the flight of
a particle distinct from the bombarding particle (nuclear transformation) is
possible.

Neutrons, not possessing a charge, interact very little with the elec-
trons of atoms, therefore the decisive role in the determination of the
fate of neutrons on passing through a material is played by their interaction
with the nuclei of atoms.

The absorption of a neutron leads to an increase in the nuclear energy
for most elements, except the lightest, by about 8 Mev Z17 (neglecting
the kinetic energy of the incident neutron). So in the capture of even a
thermal neutron the composite nucleus passes over to the highly excited
state.

A nucleus in an excited state exists only for some time interval and
then decafs and passes into a state with lower energy or into the ground
state. •his transition is accompanted by the emLssion of nuclear particles
or gamma quanta.

It hau been established for nuclei with a mass namLer in the medium
ranrg ((^- 50) that in the region of low neutron energies the largest cross-
sections are observed for the reaction (nr) -- radiation capture, and in
the transition to high energies scattering begins to prcdorainate. Reactions
with the emission of charged particles, for exa mple, the foliswing, arl ob-
served for some light nuclei at low energies: Li7(i.,vr)H ; B (n,.)Li ;

B 1 0 (n,p)Be 1 0 ; 1.1 4 (n,p)C 14 ; and C3 5 (n,p)63 5 , where the cross-sections of these
reactions are much larger than those for radiation capture. The c-oss-section
of the reaction (n,cc) at the isotopes BIO and Li 6 is particularly large.

When the mass number of target nuclei is greater than 40, processes
of the (n, t) type occur infrequently. Processes of the (n,2n) type are more
probable for elements with higher maos number. While the dependence of the
capture cross-section of slow neutrons on their ener in the low-energy
region is of the form i/v (v is the neutron veloty), the arose-sectione of
scattering processes (nn) and (n,2n) increase with neutron velocity. A
certain so-called thresjold neutron ener'Vy is needed for these processes to
occur, below which they are not observed at all. For the process (nn) the
threshold lies in the region of hundreds of kilo-electron-volts, depending
on the target element. The threshold of the reaction (n,2n) for these ele-
ments is in the region of several wmga-electron-volts, where after the at-
tainment of an energy of about 20 Mev, the cross-section of this process
changes but little.

When gamma-rays pass through a material, ruclear reactions of the

(y,n) and ( y,p) types can li've an attenuating effect. However, as already
noteu, these photonuclear reactions are excited only for a high enough radi-
ation energy.

-20-
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ZKEY to scheme on preceding pae/

A -- Therual neutrons
B -- Absorption
C -- Excitation of nuclei
D -- Decay
E -- Impurity atoms
F -- Gamma-rays
G -- Secondary gamma-radiation
H -- Elastic recoil in decay
I -- Displaced atoms
J -- Scattering and absorption
K-- Pst electrons
L -- Scattering

M- (interstitials, vacancies)
N -- Electronic processes
0 -- Alpha-particles, protons, and deutrons
P -- Ionization and excitation of electrons
Q -- Secondary interactions
R -- Electronic processes
S -- Past neutrons
T -- Energetic recoil ions
U-- End of path
V -- Thermal spikes

Nuclear reactions caused by electrons require a very high electron en-
ergy. The effective cross-section of electron splitting of nuclei is about
400 times smaller than the corresponding cross-section of photosplitting,
but the energy thresholds of thr.je processes are the same. Nuclear reactions
caused by electrons remain practically without significance.

In oases when bombardment is carried out with positively charged part-

icles, each particle -- before combining with a target nucleus -- must sur-
mount the potential barrier produced by the electrostatic forces of repul-
sion. To overcome this barrier and to approach the nucleus at a distance
for which nuclear forces begin to come into play, the charged particle must
have a high enough energy.

Nuclear reactions can affect the properties of solids directly owing
to the formation of impurity atoms; however, this requires that a sufficient
number of nuclei undergo transformations. Of gTeatest importance are the
secondary proceuses accompanying nuclear reactions: ionization under the
effect of secondary gamma-radiation, displacements of recoil nuclei, and a
good many processes arising in internal bombardment of a material with t%.1e
high-energy products of nuclear reactions.

- 22 -



2. Electronic Effects (Ionization and Excitation)

These effects arise viituhily for exposure to all kinds of nuclear
radiation, however their relative magnitude compared with other processes
fluctuates widely. Atoms are ionized in all cases when the scattering of
boibarding particles or quanta occurs at elictrons, independently of the
atomic nucleus. Electrons receiving a high enjugh energy upon interacting
can leave their orbits and thas become free electrons. But if the energy
imparted to electrons is inadeqitate for ionization, they enter o7?bits
farther removed from the nucleus, causing the atom to become excited.

Thermal neutrons, owing to theLr low energy, cannot directly cause the
atoms of a medium to become ionized. However, if the capture of neutrons
is accompanied by the emission of quanta and particles, ionization now takes
place as a secondary phenomenon under the effect of the products of nuclear
reactions.

Past neutrons produce ionization indirectly, since the energy ac-
quired from neutrons is expended by an atom in ionization during seconaary
processes. Ionization will proceed more effectively, the smaller the mass
of the atoms undergoing collisions, ao the nature and magnitude of effects
depend on the position of the target element in the periodic system and on
the neutron energy.

Processes of ionization and excitation are the main types of radiation
effects arising in a solid when irradiation by gamma-rays and electrons.
The ionization mechanism may vary. The main kinds of ionization processes
are the following.

1. Photoionization. In this case a photon is absorbed when it inter-
acts with an orbital electron. The energy of the gamma-quantum is completely
expended in the work of ionization and in the kinetic energy of the expelled
electron. For small gamma-quantum energy, the photo-effect is predominant
for materials with a high atomic number.

2. Csmpton effect. This phenomenon consita of the scattering of pno-
tone by free electrons, that is, by the electrons for which the work of
ionization is small compared with the photon energy. Since nearly all elec-
trons have this value for their work of ionization, the Compton effect may
occur very frequently. The scattering quantum loses energy and the electrons
participating in scattering acquire it. Compton electrons then gradually
loue their enera through excitation and ionization of surrounding atoms.

3. For'utioon of' electron-positron pniru. Near he;avy nuclei when the
photon erierey iu more than 1 Mev, photon absorption and formation of an vL1c-
tron-positron pair may occur. Mhe excess photon energy above the energy of
the parti-les formed is carried Away by tVem as kinetic energy. The positron
has a short lifetime and ultimately recombines with an electron, whence two

- 25 -
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has a short lifetime and ultimately recombines with an electron, whence
two photons are formed, which together with the electrons in turn cause
excitation in the ambient medium.

Tn eiectron irradiution, ionization and excitation play the main role.
If the electron energy is less than tne ionization energy, radiation effects
consist of the excitation of target atoms. Ionization processes begin with
an increase in electron energy, resulting in the formation of secondary
electrons, and ionization is extended to deeper-lying orbits.

For exposure with heavy charged particles exhibiting high energies,
the main proportion of this energy is expended in interaction with the
electron shells of atoms, where the remainder of energy used in other rad-
iation effects is small up to 10 percent). So the ionization density for
bombardment with charged particles is high. Only at the end of a flight
when the particle energy has been sufficiently reduced will the particle be
capable of elastic collisions.

Electrons expellea from their orbits, traveling through the lattice,
lose their energy by colouwbtc interaction with the electrons of other
atoms. The site from which the electron is expelled, the so-called "hole"
in tne electronic shell, also travels through the lattice, as long as it
is not captured by an atom with the least affinity for an electron. On
beirg captured, a hole can migrate In the lattice until it meets an elec-
tron, with which it recombines. Also, the ca,'ture of electrons and holes
can occur at impurity atoms present in the material or other structural
defects, causing the formation of color centers. Holes in the valency zone
initiated in ions with high affinity for electrons are replenished by means
of atoms and ions with lesser affinity, that ie, the hole migrates to the
least *eep-lyinig electronic levels.

Formation of excited electronic states, color centers, free Plectrnns,
and free holes substantially modifies the electronic characterist.cs of the
material -- paramagnetism, optical absOrption, dielectric losses, and elec-
troconductivity -- and causes photoconductivity, luminescence, end so on.

3. Displacement Effects

In solids with molecular, ionic, metal, and covalent bonds for irradi-
ation with electrons, neutrons, and charged particles, and in some conditions
-- also with gamma-quanta, displacement occurs; with this phenomenon are
associated disturbances Jn the geometry of the arrangement of atqms and en-
ergy changes leading to property changes of the material.

Damage to a lattice caused by the diaplacement of atoms from their
aormal positions can be divided into the following simple types 72-6,7:

a) point structural defects; and
b) local damage (spikes).
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Po_,iLt tie''cts. Puirit ,rid.aation defects In(! lreiude vacancies, that
is, lttice sites fror;• which iona or utoms nave oee.1 expelled; knocK-ons,
that is, atorns or ions expelled from lattice sites lodge at interstices in
the nonequilibrium state; disp l-emeris arising when a collision of a moving
atom or of a particle with an atom at a lattice Site leads to the atom
being expelled, and the kinetic energy of tne interstitial atom is insuffi-
cient to remove !I from the vacancy foraed by it, wnence the bombarding atouw
can lodge in the vacapt site, anc its residual energy will be converted into
thermal oscillations of .he lattice.

Vacancies and kiiock-ons do not remain at the points of inception, but
due to the thermal motion of atoms they can migrate. If the 'emperatuL'e
ensures the .mobility of Iefects ir the crystal lattice, as a rule they under-
go several transformations; first of all, vacancies and knock-ons can become
annihilated upon direct collisions; secondly, they can emerge at the surface,
that is, they can cease to exist as internal selects; and thirdly, they can
cluster at impurities and other defects present in the solid, in partic-lar,
at dislocations.

Irradiation with garn'-rays alway.j leads to the internal bombarament
of a material by electrons with high enowgh enerLrV, which can cause the
displacement of atoms. The recoil of nuclei when emitting secondary gamma-
quanta can also lead to displacement.

In addition to the effect of internal bombardment with electrons and
the direct recoil of nuclei, two more possible mechanisms for the initia-
tion of di2p lacement in gamma-irradiation have been proposed. According
to jeitz 2_7, local regions of electronic excitation are formed -- exci-
tons, which on transferring energy to the lattice promote the pinning of
point defects.

A mechanism proposed by Varli [77 is applicable to materials with
ionic bonds. It reduces to the fact that in irradiation some negative ione
as the result of multiple ionization can change their charge sign and exist
in an unstable position, fro-ui which as the result of thermal oscillations
they can be knocked into interstitial sites by the action of surrounding
positive ions. A vacancy in the la~tice is capable of capturing an elec-
tron and being converted into a color center.

For atom displacements to take place, electrons - owing to their low
mass -- musL travel at relativistic velocities. In this case, cOulombic
interaction of an electron with a target nucleus leads to displacement.

Local damage (spliea) are produced when a eolid ia bombarded with fast
neutrons or with hilh-enery heavy particles, in paitieular, particles emit-
ted in nuclear rehctiuns. In this cane, an atom receivin{. a hIgh Mough
momentum in its primary collision and traveling throu{gh the lattice causes
other nearest atoms to be displaced. A cascade of digp!acements is formed,
resulting in the initiation of a region with a very high densitj of dis-
placements -- a displacement spike.
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Since in irradiation it is not the individual atoms but the crystal
]attice as a whole that undergoes exposure, the atom receiving a sufficient
impact in order to begin vibrating with the large amplitude will rapidly
transfer energy and excite neighboring atoms. Local excitation arises in
the lattice, similar to rapid heating of a boanded region to high tempara-
ture -- thermal spike. If tte excitation of atoms in a spike is suffi-
cient to displace large number of atoms, a displacement spike is formed.
Since the tenperature in the spike region rises extremely rapidly, and
also owing to the effect of surrounding material, this region is close to
the state of a superheated solid, and melting of the material is possible
in the very center of the spike. The danger of heating can never arise in
gamma-irradiation owing to its high penetrating power.

Zones of microheating can also arise along the initial sections of
charged particle trajectories, and the probability that init. 4oation is the
greater, the higher the ionization density. Heating results from nonradia-
tive transformation of the energy of excited atoms, that is, its transfer
to the crystal lattice. This applies mainly to the case of bombardment
with heavy charged particles.

Obviously, properties of any solid change markedly if an appreciable
fraction of its atoms are displaced from their normal positions and if the
diffusion rate is not high enough to eliminate the effect of displacements.

The presence of any specific type of radiation effects in the pure
form is possible only in rare cases. Usually different types of effects
(primary or secondary) coexist, sometimes causing contrary consequences.
The external manifestation of radiation effect can proceed as follows'

1) changes in the material's properties related to structural damage.
These include not only changes in "geometrical" structure, that in, the
relative arrangement of atoms (ions) of the material, but also disruption
of force interaction between individual structural elements (the formation
of stresses betweeji the defect region, change in depth of potential wells,
in frequencies of oscillations, and so on);

2) changes iu properties associated with the state of electrons in
the material, so-called electronic or hole properties; and

5) changes in the rates of individual processes ongoing in the solid.
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CHAPTER TIREE

INDUCED OPTICAL ABSORPTION OF SIMLS-COMpOSIT1ON
GLASSES

Two kinds of absorption in crystals and glasses are lifferentiateds
intrinsic and supplementary. Intrinsic absorption generElly lies in the
ultraviolet spectral region and is caused by the excitation of electrons
in the material'lk atoms. Bands of intrinsic absorption have a sharp long-
wove edge and io sizeable coefficient of absorption at the maximum. Supple-
mentary or induced optical absorption is produced by color centers% by
electrons or holes localized at lattice defoets,

The structure of color centers cannot be regarded as eataojisnect.
Several models of electron and hole centers have been proposed in the
studies [1-6]. Essentially0 models of F-centers amount to the followings

the center is an electron captured by an anionic vacancy (do Bour
model);

the center is an interstitial cation capturing an electron (Gil'sh-
Polya-Frenkel' model); and

the cenier has two modifications (Varly model) - the first of these
is the de Bour model, and the second in an electron localized at a vacant
anionic s~te captured by the metal atom. At present the de Bour model is
widely accepted.

A V-center is a negative of a F-center. The role of electron is played
by the hole. In addition to thebc simple centers, there may be various
combinations of them.

The complex absorption spectrum observed for irradiated glasses is
due to the complex nature of color centers. Each color cen'.er Is responsible
for it•a specific band, however owing to the complexity of glass composition
bands iriuced by different color centers often overlap, therefore it is
difficult to interpret bands and to ascri.be their formation to particular
centers. However, investigation of absorption bands of simple-ocmposition
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glasses can yield interesting data 'or our understanding of what color cen-

ters are and for the directed synthesis of radiation-reiistant glasses.

1. Glasses of the System SiO 2-R 0 I
Kats and Stevels [7, 8], in studying alkali-silicate glasses contain-

ing 30 mol percent alkali oxide detected three absorption bands after
irradiation. The 310 rim (4 ev) band was ascribed to the hole near a non-
immobilized toxygen atom and is independent of the type of alkali metal.
The position uf the 610 rim long-wave band (- 2 ev) is quite stable, though
its intensity depends on the glass corposition and increases from lithium
to rubidium glass, but is the smallest for cesium glass. The band in the
415-490 nm region (3-2.5 ev) is shifted toward the long-wave spectral
region when the alkali oxide is added in the following ordert Li 2 0 C Na 204

S K2 0 < Rb 2  .4 Cs 2 0 (Fig. 1). The nature of this band is dictated by

the electron near the alkali ion,

Ianilov and Berbash [9] showed that absorption bands with maximae of
320, 450, and 600-620 nm (3.9, 2.8, and 2.1-2 ev) are induced in silicate
glasses of the composition Na2 0 * 2SiO2 when exposed to gamma-rays. Investi-

gation of the absorption of irradiated glasses with the composition Nk2 0

2Si02 , where the amount of Na20 varied within the limits 26-46 mole percent
shows that an increase in the Na O content leads to a change in the nature

of the absorption spectrum, and also to an increase in absorption in the
ultraviolet, visible, and near infrared spectral regions. Glasses contain-
ing more than 35 mole percent Na 2 0 have an absorption spectrum with bands

in the regions 310 and 520 nm (4 and 2.4 ev).

Absorption spectra of two-component potassium-containing glasses with
variable composition (Fig. 2) are characterized by a stable band in the
475 nm (2.6 ev) region [I0]. The ultraviolet band (310 rnm (4 ev)] is

shifted toward the short-wave spectral region with decrease in X20 concen-

tration. The absorption maximum of glasses containing 30, 15, and 1 mole
percent K.20 will be, respectively, 510, 300, and 280 rm (4, 4.1, and 4.4 ev).
The intensity of the long-wave 620 r=m (2 ev) band is proportional to the
K20 content. If we express the intensity ratio of the 475 nm and 620 nm

absorption bands (2.6 and 2 ev) as a function of the potassium oxide con-
oentration, we get & curve with two maxima when the K2 0 content is 12.5

and 20 mole percent.

We munt note that the intensities of all bands depc,,d on the potassium
oxide concentration. As a rule, the absorbing ability of a glass rises ag
the K,0 content is raised. The only exception is the band with a maximum
at 47ý_ nm (0.6 ev) and the glass containing 15 percant Y.20.
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Fig. 1. Spectral absorption curves Fig. 2. Spectral absorption curves
of glasses with compositions 70 % of glasses containing the following
SiO2 and 30 % 120 containing the compounds, after irradiation with

following oxides 1 99 % SiO x1-ays

1-- of lithium 2' 1 % X20
2 -- of sodium 2 -- 95 % Si02 , 5 % K2 0
5 -- of potassium -- 5 % SiO2 , 15 % K20
4 -- of rubidium
5 -- of cesium 4 -- 70 % sio 2 , •0 % K2 0
KEY: A -- Absorption in % KEYz A - AbsorpLion in %

B -- Wavelength in nm -- Wavelength in nm

Kats [(] proposed the existence of three following possible disruptions
in the SiO lattice. 1) oxygern vacancies; 2) unbound oxygen ions; and 3)
intermediate cations (lattice modifiers).

Irradiated lead-silicate glasses (PbO-80 percent, SiO2 - 20 percent)

ield three absorption bands: 730, 540, and 375 nm (1.7, 2.3, and 3.3 ev)
i, 1�2]. It is suggested that during the radiation two processes are

occurringz capture of electrons at defects existing in the glass before
irradiation, and the initiation during irradiation of defects of the same
type, which behave similarly to the previously existing defects, that is,
they capture electrons and produce the same color centers.

2. Glasses of the System Si0 2-R20-RX 0y

When aluminum oxide is added to a glass with thG composition Na 0
4Si02, a change is observed in the intensities of the 340, 480, and 920 nrm
bands (3.6, 2.6, and 2 ev).
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As the content of alkali metal oxides is increased in a glass with

composition 80 percent by weight (SiO2 + R2 0) and 20 percent by weight

B203 (R2 0 - Li 2 0, s2 0, K2 0), induced absorption rises systematically,

and this function is linear for potassium glasses when the K20 content is

about 15 percent [13].

When oxides of alkali or alkaline-earth metals in silicate glasses
are replaced with PbO in equal molar ratios L14], the absorption spectrum
undergoes appreciable alterationi a well-defined maximum appears in the
region of 700 nm (1 .8 ev) and bands of the visible spectral region dis-
appear.

The nature of absorption centers was studied in relation to their

structure in glasses of the system Na 2 O-A 2 03-SIO2 (15]. It was found

that when there is excess Al2 03, the Al3+ ion appears in sixfold coordina-

tion, which lacks an oxygen for construction of the tetrahedron.

The 365 nm absorption band (3.4 ev) owes its appearance to the presence
of a nonbridging oxygen. As the Al 203 content is varied, qualitative and

quantitative changes occur in the spectra, which is accounted for by the
tendency of A13+ to be incorporated in the network of [SiO tetrahedron;

here the deficient oxygen atom is introduced by Na2 0. When the Na2 OSAI 2 03

ratio is 1, all of the nonbridging oxygen is bamd into the LA[ 4 ] tetra-

hsron and thereby a network consisting of [sio4 ] and Abo4 ] is formed.

Typical of gamma-ray irradiated boroallicate glasses [16] containing
PbO is an absorption band when the photon energy is 825 nm (1.5 ev). This
absorption band is attributed to Pb + and increases with a rise in the
glass content of boron as well as lead.

Our investigations of the spectra of induced optic, absorption of
glasses of the system SiO2-Ha2O-R x0y (R 0 represents c%.Ides of group I,

I1, I1I, IV, and V elements) enables us to find several dependences of the
changd in supplementary absorption on the particular variabl: componwnt
involved.

Absorption spectra of glasses containing oxides of tin, antimony,
arsenic, germanium, cadmium, indium, and ruthenium as the variable compo-
nents are shown In Fig. 3. Absorption spectra of these glasses have no
well-defined maxima. The pattern of the curves is quite smooth. After
irradiation a marked increase in optical density is observed in the ultra-
violet spectral region from 300 to 400 nm (4.1-3.1 ev). In the near infra-
red spectral region the optical density remains practically unchanged. An
exception is the glass with the composition 4Si02 • N20 • 0.25As20 (Fig. 3 c),
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Fig. 4. Optical density of following glasses

a -- 4SiO2 - NA20 * O.5"ZnOI
b -- 4SiO2 - N 2 0 * O.5PbO
I before irradiation
2 -after irradiation (107 r dose)
KEYs A - Photon energy in ev 4

B - Optical densityA
C - Wavelength in nm

for which the optical density in the infrared rLgion examined decreases
following irradiation. In the wavelength range 17om 400 to 760 nm (3.1-

1.6 ev), a rise in optical density was observed for all glasses of this
group after irradiation. Irradiated glass with a composition 4SiO2 •
Na20 . 0.5Sn02 (Fig. 3 a) has the lowest optical density in the visible

22

spectral region. This glass markedly surpasses the glasses of all listed
compositions in terms of its resistance to irradiation.

We must i,• stately consider the absorption spectra of glasses with
the composition 4SiO2 • Na2 0 • O.5ZnO and the composition 4Si02 * No2*0

O.5Pb0 (Fig. 4). The optical density cu-rve of the unirradiated glass with
the composition 48±02 • *Ma 0.5ZnO has a weak maximum in the 380 nm

region (3.3 ev), which on exposure to gamma-rays is shifted toward the
visible spectral region -- 400 nm (3.1 ev). Typical of the glass with a
composition 4SiO2 -N % 0.5PbO after irradiation is intense absorption
in the ultraviolet spectral reg±on. The absorption maximum is observed at
300-400 rum (4.1-3.1 ev), and a second, less intense, maximum lies at
700 nm (1.7 ev). A rise in optical density is noticeable in the near infra-
red spectral region after irradiation.
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Fig. 5. Optical density of following glasses
& - 4SiO2 - Na20 - 0.25&12 0,
b -4Si0 2 - Fa2O * O.5CaO
c 4SiO2 - NQ2 * 0.5BaO

d 4SiO2 -NR2 0O O.25Li2 OI
e -4SiO 2 - N120 - O-5MgO
f -4SI0 2 * Na2O . 0O.5SrO

1 -before irradiation
2 -after Irradiation (107 r done)
KELs A -- Photon energy in ev

B -- Optical density
C -- Wavelength in rim
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Absorption spectra of glasses containing oxides of boron, magnesium,
alunminum, calcium, barium, lithium, magnesium (sic], and strontium are
shown in Fig. 5. Spectra of the induced absorption of these glasses have
more complicated structures compared with the above-considered composi-
tions. A supplementary absorption band with its maximum in the 400-450 nm
region (3.1-2.8 ev) is induced in these glasses after irradiation. Thus,
adding Al2 03 to a glass compo~ition leads to the appearance of an absorp-

tion band with its maximum at 380 nm (3.3 ev) (Fig. 5 a).

Glasses containing BaO and SrO as the third component (Fig. 5 c and f)
have a maximum in the 650 nm region (1.9 ev) on the optical density curve.

The optical density remains virtually unchanged in the near infrared
spectral region for glasses of all listed compositions after irradiation.

All unirradiated glasses are practically transparent in the visible
spectral region given the condition that they do not contain cations of
transition elements, for which transitions between multiplet lev6ls
are permitted.

Upo'n irradiation, the picture changes markedly. Secondly electronnn
formed after exposure to gamma-rays migrate through the system and become
loca14-ed at the ions whoue atoms have the smallest electroconductivity.
Firr t of all, this applies to alkali and ajkaline-&&rth elements. Actually,
all glasses containing Li*, Mg2+, Ca2 +, Siý'+, and Ba2÷ as the third compo-
nent ave virtually identical spectra after irradiation. A well-pronounced
band in the 400-450 nm region (3.1-2.8 ev) in all probability is due to
the group (142+ + e0]. Thq highest intensity of thic band is observed for
glasses containing Li+, Sr' , and Be +, and the smallest -- in glasses con-
taining Mg2÷ and Ca2+. But this then indicates some displacement of the
band in the 400 rnm region toward the long-wave region in glass s containing
Li+, Br2 +, and ]a2+ compared to glasses containing C82 + and M7 • The
highest intensity of this band In a glass with composition 4Si02 • 1a20
0.5SrO can be explained by the imposition of the intr•ic resonance
absorption of the Sr atom.

4ith time the nature of spectra of these glasses remains unchanged,
and only integral absorption is reduced, tý differing degrees in different
glasses. The inflection on the curve in the 600 nm region (2.1 ev) in all
probability indicates the presence in the glass of oxygen vacancies or
the formation of free oxygen atoms arising when electrons are transferred
to the alkali or alkaline-earth ion. This then explains the fact that
glasses containing large amount- of Ions with low electronegativity
capable of producing ionic bonding have lower radiation resistance undr
otherwise equal conditions.

It io highly interesting to estimate the radiation-optical stability
HRo) of glasses an u function of the ionic radii of elements being varied
Table 6). If we arranAe elements in the order of increasing atomic number,
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TABLE 6. DEPENDENCE OF RADIATION-OPTICAL STABILITY
ON IONIC RADIUS

A ,B 1Ec ;101," ....)
Clema CoCa L

RUA

C-3 4S10s. NaO.025LiO 2 3 0,0G8 0'1-,
C.5 M 4S10 CAaO.0,25B20O 5 0,02 0,39

Cl1 21 4S0. Na2O I 11 0,09' 0,32
4SiOa. NaO .0.5MgO 3 12 0,074 0,32

C-13 f., 4SiO2 , Na2O-0,25AI2O8  1 13 0,057 0.3

C.20 L 4S1C0 .N320 0,SAO20 0,104 0,24
C:30 A- 4SiO2 .N320 .O 0,ZnO 0,083 0.,'I
C-32 N 4SiOj. a2O 0. 0,SreO, 4 32 0,01, 0,63
C-33 0 4SiO3.Na 20. 33 0,I0 0,85-0,25As2Oj (As2Os) (0,047)

C.38? 4SIO.N 20.0.5SrO 3 0,12 0.21
C.40 4SiO0.N .O-0,5ZrOl 40 0 0 802 0,7
C-41 ~iO1 .NaO , -0,25NbOs 41 ' 0,()65 0,74C-48 4S;0 Na2 0.0,SCdO 5 48 0,099 0,54
C-49T 4S10 .Nn 2 -O.0,251n2 04 0,092 0,7
C.504 4SiOU . N502 .0,5SnO 0,067 0.92
C5 1 2 V 4SO 2 N02 O 0,23SbO8 51 0,09 0,88

C.56W 4SiO 2. N O,0,,53 -O .56 0,138 0,2
C.57 X 4SiOM 2  N- O 0,25La1O, 6 1 57 0, 104 0, j- t3C -82 ' 4SiO2 , Na2O -0, PbO 82 0,126 0,28

MsYI A-- Glass M-- 3-30
B - Composition N - S-32
C -- Period 0 -- S-33
D Atomic number P- S-38

of element Q - S-40
E - Ionic radius, R -- 3-41

R, in nm S- S-48
F -- ROS indicator T - S-49
G -- S-3 U - 5-50H -- S-5 V -- S-51
I -S-11 W-- S-56
J - S-12 X S- -57
K -- S-13 Y -- S-82
L -- 5-20

then within the limitLi of the same period we obeJerve a quite specific agree-
ment between the ion mizes and the raaiation stability of glasses. However,
in glasses containing third-period elements the ROS is practically indepen-
dent of the ionic radii of the element. A posciblc explanation of }hib
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fact can be the assumption that a considerable proportion of aluminum oxide
is a glass forming agent and only a lesser fraction is a modifier. There-
fore introducing aluminum into the silicon-oxygen framework, owing to the
relatively large dimensions of the [AIO4 ] tetrahedron compared 1ith the

(Si0 I tetrahedron leads to a drop in ROC even with a reduction in the sizes
of t~e ionic radii, all the more so since here we must allow fo., 'he co-
valent radius, which is larger than the ionic.

An increase in radiation rezistance with decrease in ionic radius is
observed for fourth-period elements oe!_y for the first three elements.
For arsenic, the radius of both As3 + (0.047 nz) as well as ABS+ (0.067 n)
is larger than for germanium (0.044 nm), howevtr the tendency to a transi-
tion to one valency state to another is greater in arsenic, and this has
a stronger effect ona riae In ROS than the relatiely small increase in Iionic radius.

For glasses containing fifth-period elements ROB increases by a factor
of 3.5 when SrO (4 dO) is replaced by Zr02 (4d ) and Nb205 (4d3). This is

relat.ed to the much smaller energy of the 4d-orbital in Zr anm Nb atoms
compared with the Sr atom, primarily, and to the reduction in the ionic
radius from Sr to Mb, in the second place. Fl~lling of the 4d-orbital,
completed at the Cd atom, leads to rise in the radius and a reduction in

ROS. Beginning with cadmium, we again observed a decrease in radius,
which is accompanied by a strong increase in ROB. As we move from Sn
(R - 0.069 rm) to Sb (R - 0.09 nm), the ROB decreases somewhat, but proves
to be considerably above the R0S of indium glass, since antimony is more
prone to a valency change than is indium.

Glacs whose composition includes sixth-period elements (Ba, La, and
Pb) are also governed by this rule. Thefr stability in general is low,
since the radii and polarizability of these elements is quite high. Lan-
thanum glass proves to be most resistant, which ie due to the smaller
radius, increase in charge, and thus, to the appreciable drop in polarizabi-
l.tye

The study [171 dealt with silicate glass containing 15 mole percent
Y 20 ana 15 mole percent BaO, SrO, CaO, MgO, or BeO. The 450 nm absorption

b.nd (2.8 ev) is somewhat shifted toward the long-wave region of the spec-
tram as the change is made from magnesium to barium. Barium glase violates
thý.s correlation.

A comparison of individual characteristics of variable elements
enables us to derive a certain dependence of the radiation-optical stabi-
lity of glass on electronegativity (EX), ionic radius, polarizability,
oxidation-reduction capacity, acidity, or basicity of an oxide and the
tendency to vitrification:

1) a general trend of a decrease in R05 with a decrease in the MN
of the introduced ion is observed;
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Fig. 6. Dependence of radiation- Fig. 7. Dependence of radiation-
optical stability of glass in the optical stability of glass in the
system SiO2-Na2 0-RO on the concen- system SiO2-Na 2 0-ROx on the concen-

tration of the RO component being tration of" the following component
varied being varied

1-- CdO 1 .- SnO2
2 -- CaO 2 -- GeO
3- BaO 2
4 SrO 3 PbO
5 -- ZnO 4 " ZrO2
KMYs A - Transmission in % KLM A -- Transmission in

B-- Content of oxide in mole B Content of oxide in
mole %

2) adding oxides of the elements of the main subgroups leads to a
smaller ROS;

3) the more strongly the principal properties of the oxide are pro-
nounced, the lower is their ROS values;

4) RCS decreases with increase in the polarizability of ions of the
main subgroups;

5) adding elements of secondary subgroups as a rule promotes a higher
glass ROO value;

6) elements capable of a facile transition to another valency ,,nder
otherwise equal conditions (EN and ionic radius) increase the ROS;

7) for the same principal quantum number, a rise in ROB increeqes in
concert with a decrease In ionic radius; and

8) the R0O of a glass Is a periodic function of zhe charge on the
nucleus of the element being varied.

The ROS of glasses depend heavily on the molar proportion if the
components being varied. For example, when the content of barium in a
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g.,a~ii of the syste SiO 2-Na 2-B•O is increased Dy reaucing the molar per-

centage of silicon dioxide, the R0S initially drops, but then rises steeply.
The minimum ROS corresponds to roughly 10-15 mole percent BaO (Fig. b).
Interestingly, a content of 10-15 mole percent in glass is the threwholc
oeyond which a dnarp change in all kinds of properties of the glass sets
in -- electroconductivity, magnetic properties, and so on. The nature of
this phenomenon is not wholly clear and requires special investigation.

A similar pattern is observed with variation in the CaO content in
glass -- a sharp drop in light transmission for a concentration of 10-15
mole percent and an increase in light transmission for 25 mole percent
(of. Fig. 6). Nearly all glasses utudied containing group 2 elements have
a minimum ROS at certain concentrations. An exception is represented by
glasses conTaining zinc oxide as the component being varied.

The effect of concentration on the rauiation-optical stability of
glasses containing certain oxides of group IV and V elements as the compo-
nent being varied are shown in Figs. 7 and 6.

5. Borate Glasses

Obviously, as B203 is introduced into a glass composition instead of

Si0. new chemical bonds are Induced. The probability that color centers
typical of silicate glass of the initial composition will form decreases.
The absorption spectrum loses its well-defined structure [91.

The absorption spectrum of irradiated sodium-silicate glass (initialcomposition Na20 • 3Si02), represented by curve I in Fig. 9, consists of

three absorption bands with maxims corresponding to the wavelength 320,
450, and 600 nm (3.9, 2.8, and 2.1 ev). The spectral absorption curve
(curve 2) corresponds to a glass with the other extreme composition Na20
3B20o.

In terms of tho cffoctG on an increase in optical density of glasseswith the composition Al205 • 2.5B205 - 1.-5M0 when irradiated, ?e 2+ cations

lie in the sv -ee Ba-Sr-Ce-Mg (Fig. 10 a), and the Me+ cations in glasses
with -he composition A1205 • 2.5B203 4 1.5Me 20 formed the series K-Na-Li(Fig. 10b)[1.

Bishay (181 noted that glasses with the composition -,120 3 4.51,0.

R20, fused in a reducing medium, nave prior to irradiation a much higher
transmission in the ultraviolet region and glasses fused under normal
conditions. It was alac noted that the absorption band with wavelength
250 nm (5 ev) is possibly associated with oxygen vacancies, since it is
very strongly pronounced in glasses fused in reducing oonrltionri.
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A study [18] wair made of the effect that CaO contenit has on the inten-
sity of glass darkening. The spectrum (Fig. 11) has three absorption
bands with maxima 550, 350, and 250 nm (2.3, 3.5, cnd 5 ev). The intensity
of the 550 nm band (2.3 ev) decreases with increase in CaO content, reaches
a minimum, and then increases again. The intensity of the 350 nm band
(3.5 ev) gradually decreases with increase in CaO content. For a CaO
content more than 1.75 mole, there is an abrupt change in the intensity of
the 250 nm absorption band (5 'v). A decrease in the 4205 content in

glass also leads to a weaker intensity of the 350 nm band (5.5 ev). The
reduced intensity of this band as most of the boron passes from the three-
coordinated to the four-coordinated state can be a consequence of the
tendency of three-coordinated boron to capture electrons and to completely
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3tar Lingat glass 1 (cf Fig. 11) where all the boron is in threefold
coordination, the intensity of the 250 nm band (5 ev) increases as far as
glass 4, which has an adequate amount of free oxygen compared with four-
coordinated aluminum and boron.

When lead oxide is replaced with titanium oxide in borate glass, two
absorptton bands appears one at 825 nm (1.5 ev) (as in the case of lead
borate glass) and the secona at 1235 nm (I ev). It is assumedthat this
is associated with the cnanged coordination of boron.

In borate glasses [19] with the following compositý.on in percent by
weight: 52 Bi 2 03 , 24 B2 0 , 17 PbO, 4.5 SiO2 , and 2.4 A12 03 receiving doses

cf TO4 - log r, abscrption bands are induced at 550 and 510 nm (0.5 and
2.4 ev). The appearance of the 360 nm band (3.4 ev) is attributed to a
reduction reaction:

4. Germanate Glasses

Pure GeO2 was studiea in detail by Cohen [20, 21, 22]. When prepared

in mildly reducing conditions, prior to irradiation this glass has an
absorption band in the region of 24ý nm (r.1 ev), which is due to the
reduced germanium dioxide. Irradiation with gamma- or ultraviolet rays
decolorizeL, this "and and simultaneously shifts the edge of the absorption
band toward the short-wavelength side. Germanate glasses are less affected
by irradiation than their silicato unalogs. When subject, to ultraviolet
rays, sodium germanate glass is only slightly colored even when !t is
exposed to high radiation doses. An increase in coloration is observed
when calcium cr aluminum is added to the glass [23]. The induced absorp-
tion spectrum of sodium-calcium germanate glass irradiated with a dose of
1o7 r consists of two bands in the 450 tind 640 nm regions (2.8 and 1.9 ev).

5. Phosphate Glasees

Characteriatic of irradiated phosphate glasses are two absorption
bands: 525 and 425 nm (2.3 and 3.8 ev) (23-291]. Rea3olution of the absorp-
tion spectra of phosphate glass [(0] made it possible to determine the
maxima of thr'e bands -- 540, 430, and 22ý nm (2.3, 3.8, and 5.5 ev) in
glass with the composition Al203 • 2CaO • 5Na20 • 7P205. An absorption

band with its maximum at 520 nm (2.4 ev) is observed for glass with the
composition AI2 0 • 21PAO • 2Y20 • 2P 2 05 [31]. When BaO in this glass is

replaced with PbO, the 520 nm absorption band (2.4 ev) is weakened and
a new band appears withi its maximum near 750 nm (I .7 ev). A glass with
the composition in molt percent: 40 Alg(P0 5 )5 , 17 Ba(P0 5 ) 2 , 43 KPO3 , when

irradiated, yields absorption bands with their maxima in the regions 575
and 530 nm (5.3- and 2.3 ev).
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CHAPTER FOUR

RADIATION-OPTICAL STABILITY OF COMMERCIAL-
COMPOSITION GLASSES

Investigation of radiatior-optical ability of commercial-composition
glasses is of great practical imJportance, determining their possible use
in radiation fields.

1. Quartz Glass

Several studies deal with the effect radiati.on has on quartz glass
11-12]. However, most studies relate to optical properties of quartz
glass when irradiated with x- and gamma-rays, much less often -- with neu-
trons, and there is very little data on the irradiation of quartz glasses
with protons and electronn.

Exposure of crystalline and fused quartz to ionizing ra ? iation produces
additional absorption bands in the visible and ultraviolet spectral regions.
The arrangement of theue bands, from the data in the study (1] is given in
Table 7, from what it is clear that C-, A-, or A1 - and A2-bands can be
initiated in crystalline quartz, depending on the nature of the sample.

Noteworthy are two factst first of all, no B-bands ever are produced
in crystalline quartz; secondly, absorption banda of quartz glass are wider
than in crystalline quartz, which is acc'ounted for [2J by the change in the
interatomic Si-O distances. A samilar point of view underlies the elabora-
tion of the interstitial theory of glass structure, by which the distortion
of the silicon-oxygen tetrahedron absorbed in crystalline quartz (3, 4)
becomes so appreciable in glass that one can speak of interstitial oxygen
ions 5].

The irradiation of quartz glass with fast neutrons, higb-energ elec-
trons (0.2-2 Mev), x-, and gamma-rays from a Co60 source produced identical
band distribution 1I]. High-energy electrons are extremely effective in
forming ultraviolet absorption bands both in terms of the rate of their
formation as well as the absorption coefficient, which depends on the energy
of the bombarding particles (2].
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TABLE 7. ABSORPTION BANDS IN CRYSTALLINE AND
FUSED QUARTZ

spp li o- An'AA 1HWo 6011 1IC

5'9--5'6 710--22 as aP i N nQ0

2,6--52 75 45 6204-840 A2

5,9-5.6 I210-220 C

72.3 540 A
5,9CC,-56 210-220 C

Keaptieoce (.TeKO 5 2, 540 A

5S_ 220-240 j B,
5:9-:56 210-2 C

KEYs 1 -- Material
2 -- Band energy, in ev
3 -- Wavelength in nm
4 -- Band symbol
5 "- Crystalline quartz
6 -- natural
7 "- artificial
8 - Quartz glass

The initiation of absorption bands is determined not only by the radia-
tion acting on the glass, but also depends very strongly on the material's
method of preparation and its purity. Quartz glasses can be divided into
three groups by the induced absorption speotra [6]t

1) glasses that have three absorption groups after irradiations 210-
240, 300, 540 nm (5.9-5.2, 4.1, and 2.3 ev), that is, C-, B-, and A-bands;

2) glasses that have two absorption bands after irradiation with doses
up to 108 rs 210-240 and 300 nm (5.9-5.2 and 4.1 ev), that is, C- and B-
bands; and

3) glasses with a C-band in the 210-220 nm region (5.9-5.6 ev).

Absorption bands in quartz glass become wider up to a certdin radiation
dose, and then breakdown of the color centers during irradiation takes place.
Thid is observed for the B1-band "I], as well as for the A-band at doses
of 5.1016 neutrons/cm2 (71. Absorption banda aredecolorized also upon light
exposurv (.ur example, resulting from flashes of a xenon lamp), and thermally
[7-8]. And thermal and opt!oal de-excitation first of ail breaks down the
300 rim band (4.1 ev) and the remaining bands, much more slowly. When radiation-
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resistant quartv, glasses are irradiated, initially lightimning is observed
in the region of the B2 -band, while this effect is not de~ected in quart..

glasses, which darken when irradiated [9]. Besides these bands, an absorp-
tion band (7.6 ev) is found for neutron irradiation of crystalline and
fused quartz, which is not produced for other kinds of irradiation [9-11].

The intensity of the 450 nm absorption band (2.7 ev) detected in crystal-
line quartz [12] was found to be dependent on the amount of aluminum present
[13]. A similar dependence was also found for the 540 na band (2.5 ev) in
fused quartz. The role of aluminum in the coloring of quartz is examined
in several studies [15-19]; possible color centers associated with aluminum
have been proposed. However, it is ahow- in the work [14] that variation
in the lithium concentration present in quartz glass also affects absorption
bands, as does variation in aluminum concentration.

The studies [20-21] indicate the relationship of color centers with
structure of defects (oxygen vacancies). To illustrate, 1. t is noted in
L21] that coloring is obtierved mainly when glass produceQ in vacuum furnaces
is irradiated; it was found that if glass not producing coloring in the
visible spectral region when irradiated is treated under conditions promoting
the formation of oxygen vacancies (at 1.200 K in silicon vapor, and at
22700 K in air), this treatment leads to coloring after subsequent irradia-
tion.

The above experimental data have received varying interpretations.
We return to some of them in Section 5, buL here we will examine the experi-
mental data as such.

We systematically investigated the effect of gamma-rays, electrons,
protons, and electrons in high vacuum on grade KI and KV quartz glasses.

Effect of gamma-rays

Irradiation of KI and KI glasses with gamma-rays shows that doses of
104 - 107 r, only KI glass changes its light transmission in the visible
spectral region L22]. Fig. 12 shows the change in the integral light trans-
mission of these glasses as a function of radiation dose. In the figure
it is clear that KI glass, when irradiated with a dose 104 r, retains 07
percent of its ieht transmission, 40 percent -- for a dose 15 r, 2 percent
-- at a dose 100 r, but at a dose of 107 r the specimen becom.es opaque.
The change it the light transmission of KV glass could not be recorded.
Hwever, in th,, invarnhi I ity of lIght trun~miorlnon in Intrinuic to these
orlaiso only In the vJolbJo #ipectral roglon.

At the asm d•,i•u interuating alterations uro otberved tn the ultra-
violet spectral legion for KV glass [22] (Fig. 13). At radiattion doses ofi04 and 105 r, two facts are striking. •Fir.,it of all, light trsns~mission
of glasses in this caOe remairn unchanged not only in the visible spectral
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Fig. 12. Dependence of light trans- Fig. 13. Spectral light transmis-
mission of quartz glasses (10 mm sion of KV glass (5 mm thick samples)
thick samples) on dose of gamma-ray in the ultraviolet spectral region

irradiation at different gamma-ray radiatJin
1 KI glass doses
2- KV glass 1 -- unirradiated glass
KEY: A - Transmission in percent 2 -- 104 r radiation dose

B -- Lg dose 3 105 r
4 -- 106 r

KEY: A -- Transmission in percent
B -- Wavelength in nm

region, but also in the near ultraviolet region all the way up to 260 nm
(4.8 ev); secondly, irradiation leads to increased light transmission in
the range 220-260 nm (5.6-4.8 ev).

At a wavelength of 240 nm (5.2 ev), transmission of an irradjated
specimen amounts to 63 percent, when irradiated with a dose o0 10" r --

66 percent, and when irradiated with a dose of 105 r -- 71 percent. Con-
firming that this difference is not the result of experimental error was
a differential measurement of light transmission of irrsdiated specimens
compared with urdrmdiated. A light transmission value of about 105 per-
cent was obtained for a sample irradiated with a dose 104 r, and 110 jer-
cent for a sample irradiated with a dose of 105 r. The literature I
includes data on the increase in light transmission in the 240 nm region
(5.2 ev), for irradiation with a dose of 106 r. The author of (9] assumed
that in the glass there exist hole color centers, which capture electrons
freed when glass interacts with gamma-rays. The breakdown of the centers
thereby accounts for the increased light transmission.

However, even at a dose 106 r, we did not observe this phenomenon,
that is, electrons lovalized at hole centers. The presence of these centers
iA determined probably by impurities -resent +in the ,;2asc,. The faor •tht
this effect was observed by us for doses smaller than those in the study
[16] is evidently accounted for by the different purity of glasses used

in the investigation.
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Fig. 44. Depe.dence of additional Fig. 15. IDpendence of supplemen-
optical density of KI glass on ra- tary optical density of glass on
diation dose with 4.8 Mev protons proton energy for a radiation dose
(depth of penctrations -^, 0.25 mm) of 1o15 protons/com2
KEY: A -- Change in optical density 1 KI glass

in cm- 2-- KV glass
B -- Dose in protons/cu2 KEYs A - Change in optical density

in Oi3"1
B -- Proton energy in Mev
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Fig. 16. Supplementary optical. Fig. 17. Supplementary optical
density of KY glass when irradiated density of KI glass when irradiated
with 4.8 Mev protons (cepth of pene- with protons

tration -- 0.2- mm) 2 1 - at a dose of 1015 protons/cm2;
1 and 3 -- a dose of 10?6 protons/cm2  6.8 ayev energy 2
2 - 1015 protons/cm2  2 -- I0W6 protons/cm , 4.8 Mev
KEYs A - Change in optical density 3 -" 1014 protons/cm2, 4.8 Mev

in cm-) REY A -- Change In optical density
B -- Proton energy in ev in cm"1

B - Proton energy in ev
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Effect of protons

Irradiating quart.. glasses with high-energy protons 3hows a slight

change. in the light transmission of KV glass for a radiation dose up to
1016 protons/cm2 . KI glass becomes colored even at doses of 10•13 protons/cm2

[22]. The fact that KV glass does not become darkened for gamma-irradiation
and darkens when irradiated with protons is accounted for by the fact in
proton irradiation in a cyclotron the absorbed dose for an exposure dose of
1014 protons/cm2 was estimated by us to be 1.4 - 108 rod, while when
irradiation with gamma-rays at a dose of 107 r was used, the absorbed dose
was 8.8 * 106 rad. The radiation dose dependence of change in optical
density proved to be linear within the limits of measurement error (Fig. 14).
Bore we must bear in mind that the change in optical density is determined

-- only by the absorbing layer.

Irradiation of specimens with different thicknesses using identical
doses shows that within the limits of measurement error induced absorption
remains constant. The proton energy dependence of optical density was
investigated with KI glass for a dose of 1015 protons/cm2 (Fig. 15). This
function is not linear. Optical density increases at high energies more
rapidly than at small energies, which is evidently caused by the increase
in path length and, therefore, in the thickness of the coloring layer.

Spectral curves of the increment in optical density of KV and KI glasses
at different proton radiation doses and energies are given in Figs. 16 and
17. The specific details of coloring upon proton irradiation include the

absence of the 300 nm (4.1 ev) B,-band and the appearance of A- and C-
bands. In only one case -- for the irradiation of XY glass with a dose
up to 1014 protons/cM2 -- was absorption corresponding to the Bl-band

detected in the region of 300-320 nm (4.1-.39 ev).

Effect of elect;ýons

High-energy electron irradiation of 4uartz glasses shows that at
doses to 106 r nclusively, only KI glass shows a change in light transmis-
sion in the vlsible spectral region. For this glass the integral induced
optical absorption within the limits of measurement error is independent
of the kind of irradiation (with protons, electrons, or gamma-rays) and is

determined to the first approximation only by the absorbed radiation done
(Fig.1

The spectral increment in the optical density of KI and KV glasses is
shown in Fig. 19. All three Ewoups of bands familiar in the literature
are present in the absorption spectrum of KI glass. Only two band groups
are observed in the absorption spectrum of KV glass: B and C.
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Fig. 18. Dependence of
changc in optical density
nf KI glasses as a func-
tion of abaorbed does (in
rad) of radiation of dif-
ferent kinds and ener•/
(0.25 mm thick samples)

-- gamma-rays of Co60
e1-- 10 W-v electrons

e2-- 0.2 Mev electrons

P1 "- 4.8 1ev protons

P2- 6.8 Mev protons

KMYs A - Change in optical
Censity

B - Logarithm of
absorbed dose

Irradiation with protons and electrons in high vacuum

Irradiation of quart. glass with a mixed beam of protons and eleotrons
at an integral doce of 10 6 particles/m 2 and with 180-185 key particle
energy unler high-vacuum conditions (1.3 - io6 - 6.5 • 10-7 n/m2 ) shoved
reduced light transmission. Composite data on the effeot that electron,
proton, a&- combined irradiation has on the light transmission of glasses
are given in Table 8, from which we see that protons with these energies
do not ocuse coloring in quartzG glauseo, Thies situation is examined more
closely in Section 3 of this chapter.

4
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Fig. 19. Change in optical density
of quartz glasses (5 mm thick samples)
when irradiated with electrons at

energy up •o 10 Mevy
a -- XI glass, 1V° r dose
b -- KV glass:
1 -1 05 r dose
2 -- 106 r dose
KEYs A- Chang. in optical density

B Photon energy in ev

TABLE 8 CHANGE IN LIGHT TRANSMISSION OF ý'UARTZ
GLASSES WHEN IRRADIATED WITH PROTONS ALNA :LEC-

TRONS

MI Tcrpagb,,ie CUCT.,PConlCK2 4d CTOKe A A• 0 2.
M~pK. Cxtofloro, •rony•H. |~' o6Iy.4m4ro•lI cov.ec'moe

Mmpxx~ ~ ~ ~ ~ ~ ~~6 yqx&0iye1(j ~ye"rCAeClNeS4COMOro, rIpUi'31iA&M. MCKTjPUJIIM -1 o6Jnyteeiiie

7 92 11~2 87 1 00
K4 92 92 69 67

'EYi 1 -- Glass grade
2 -- Integral light transmission of

glass in percent
3-- initial

4-- irradiated with protons
5 - irradiated with olectrona
6 -- combined irradiation
7 "- KV
8 -- KI
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2. 1ilicate Glasses

Colorless glasses

Most commercial glasses suffer a large drop in light transmission
when irradiated with gamma-rays, neutrons, and alpha- and beta-particles
(23-251. Commercial glasses as a rule readily transmit gamma-rays and
have neutrons. Exposure to this kind of radiation causes coloring of a
glass throughout its thickness. The depth of alpha-particle penetration
in the glass is very slight, therefore coloring of glass occurs to a shallow
depth ( - 0.04 mm). Data we secured on the change in integral light trans-
mission upon expouure of certain commercial-composition glasses to gamma-
rays are given in Table 9.

From Table 9 we see that the concentration of color centers reaches
a saturation level for all glasses studied a• a radiation dose of 108 r.
The optical absorption spectra of irradiated commercial-composition glasses
had no well-defined ban's; reduced light transmission is observed throughout
the full wavelength range.

Colored signaling glasses

Most color glasses modify their optical properties when irradiated.
Induced absorption spectra of color glasses do not have well-defined absorp-
tion bands. Just as in colorless glasses, there is a drop in light trans-
mission tnroughout the wavelength range. T,,ble 10 gives the light charac-
teristics of "ccoppeF ruby" type red glasses before and after irradiation
with a dose of I0 r.

From Table 10 we see that though the integral light transmission of
glasses of this type drops off somewhat, color characteristics of the
glasses remain practically unchanged.

Table 11 gives data on the change in light transmission of certain
color glasses produced by all industry.

Bata on the radiation-optical stability of light filters produced
by foreign companies are given in the study [26).

3. Effect of Thermal Prehistory of Glass on Induced Optical Absorption

Above we stated that radiation-optical stability of a glass is deter-
mined both by glass chemical composition and structure. The thermal
prehistory of the glass cn affect a number of factors responsible for
the intensity of induced optical absorptiona first of all, the glassmaking
condizions can be reflected in the valency state of nertain elewent_
incorporated in the glaids, and also on its chemical composition! secondly,
the regime of annealing or heat treatment of finished glass can affect the
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TABLE 9. CHANGE IN , TiA2NSMISSION OF GLASSES
AFTER IRRADIATION

"H"Terplbijoe connerP8 KJ11Ve:I; •
CUM.• ,goo06A Y,• noc~e o6Any.e",tR Ao,,,,.4H 3 P

________ _0,__v____ I0- 10- 2.101-i
X-8 92 90 80 37 10 7 6

r BB 89 87 8SO1 43 18 I's 15 15
6 JrK-5 92 91 87 j65 44 37 .37 37,
7 13B 88 87 84 78 -- - -

I=Ys I - Glass grade
2 - Lntecral light transmission
3 "" prior to iriadiation
4 - alteý: irradiation with listed doses in r
5--VV
6-- LK-5
7- 13V

TABLE 10. EFFEC' OF GAMMA-IRRADIATION ON COLOR
CHARACTERISTICS OF GLL.SES

-" !~

MeAtHA PYdliB M 13 U3a HA-
NOAKx; 3ASoA £KpAcHWA
Jiyq3:

'AO o6Aiy'tiemui . 620 2,2 0,895 0,305 100
ifno o oG6YeHHs , , 5 620 0,9 0,760 0,295 100

IOJ
MeAIYI4 py6sii CKCr; '4ep.

A1 oOIyeDII . . 5,1 G38 2,6 0 ,715 284 100

q iIU dIa o6Jy'c H• . • , 5,1 638 0,8 0,705 0,2851 100

KEY: 1 -- Glass
2-- Thioknese of glass in mm
3-- Wavelength in nm

4 "" Integral light transmission
5 "" Correct coordinates
6 -- Color saturation in percent
7 "" No 13 copper ruby without tinishlnsg

Xraunyy Luoh Plant
6-- prior to irradiation
9 - after irradiation
10 - SKSG copper ruby; Chertinsk Plant



TABLE 11.* EYFC'P OF GAMMA- IRRUAIA'DION 0ON IGHT1V
TRA•SMISSION OF UOLORED GLASSES

/Fil ' 0 I '. 10.

pvC-nCOBN PV 1m 312 2,151 2,6G 2 3,8 5,71 0
6 HIIoafl2, j 46~ 4601 "0 0 ,|o

CeAcHooDU pynUf K4/2 I 4.6 46 5 1,71 0,3
"7Cexee 8.,Uf py6i!, KCI 4 4, . 4,2 3,7 -"-- % 7 ;
f'Meziufl A ,y611 CKCr 1 2,2 2,21 1,1 . 0,! 0
qOpaimeroe 5ea Ha0o•A00 OC-6 81,8 78,8 53,61 - 122,51 0
0 OpS.NoAoc noaie ta"oBAK H i

I/ OC.6 37 46,7 37,8 - 0 . 0
/2-3e.ieme 5r13 18,G 2,3. 17,9, 13,6 9,6 0
133enenoe 18 13,8 15,7 13,11 12,5 7.91 1,4
14  0anbro oe 17 3.46 0, 11,1 111 0
/.POIOna.m3oc 14 47,5 39,6 1 1,2 -o 0
/60na. oaoe OflJIC 33,6 34,61 9 - 00

KEY; 1 - Glass
2 - Integral ligh• transmission
5-- prior to i.-Tadiation
4- after irradiation with listed doses in r
5 -- selenium ruby

6 -K412 selenium ruby
7 KS1 selenium ruby
8 - SKST copper ruby
9 " 0S-6 orange ruby without finishing
10 - Orange ruby after finishing
11 - os-6
12 - 5P3 green
13 - Green 18
14 -- Cobalt 17
15 - Opal 14
16 -- Opal OPLS

concentration of defects capable of capturing electrons or holes, which
must also be reflected in the number of color centers following irradiation;
and thirdly, the conditions in which the glasses heat-treated can promote
diffusion from or into the glass of an element capable of affecting radia-
tion-optical stability.

AE eiramples confirming the validity of the first assertion, we can
cite the effect that glassmaking conditions have on the radiation-optical
stability of a glass containing cerium ion additives. We know well that
adding cerium to a glass composition reduces the absorption of irradiated
glasses in the visible spectral region [27-29]. Here it is not simply the
concentration of the cerium ions that is critical, but also the valency
state in which the ions exist, and this de.pends heavily on the glassmaking
conditions, The question of the effect that heat treavment conditions



have On the radiation-optical stibility of a glass has been studied much
less than the effect of glassmaking conditions, therefore we will dwell
on it more closely.

Radiation-optical stability of annealed and hardened glasses

Studies [30-311 were made of the radiation-optical stability (ROc)
-f the glasses K-8, K-108, and K-208, and also of the GP rolled glass
produced by the Qusev Plant imeni F. B. Dzerzhinskiy.

K-108 and K-208 glasses correspond to K-8 glass in composition, but
to increase the R0S cerium dioxide is added to their coopoeitions, and
the cerium ion concentration in K-208 glass is much higher than in K-108
glass.

The temperature at which extended heat treatment of a glass was con-
ducted waa determined by the -.pper and lower bounds of the annealing zones,
namely 830 and 8600 K. The heat treatment period was 25, 50, 100, and
200 hours. Additionally, these glasses were cooled in air under natural-
convection conditions and with liquid hardening [30]. The extent of harden-
ing for air cooling was 0.5 N/cm, and 2.2 N/cm, after cooling in liquid.

The initial 3 mm thick specimens and the 3 mm thick specimens subject
to heat treatment were irradiated with gamma-rays from a 6o6 0 sourne. The
exposure rmdiation dose was 107 r. Samples of K-8 and GP glasses after
irradiated acquired an intense brown color; tne color of the K-108 glass
varied only slight; K-208 glass remained virtually unchanged in color.

The spectral absorption curves of irradiated GP and K-8 glasses after
heat treatment for different regimes are shown in Figs. 20 and 21. The
pattern of the spect:?al absorption curves given in these figures is charac-

terized by the absence of well-defined absorption bands in the visible
spectral region, intrinsic to most coap ex-composition glasses. As the
exposure time is extended at elevated temperatures, the optical density
of irradiated glasses drops off throughout the wavelength range and in-
creases with the extent of hardening. Table 12 gives data characterizing
the change in the integral light transmission of irradiated glasses as a
function of irradiation preceding heat treatment.

As follows from Table 12, integral light transmission of irradiated
glasses not containing cerium ions (K-8 and GP) depends to a large extent
OIL their thermal prehistory. Extended exposure of a glass at the annealing
temperature leads to some increase in light transmission following gamma-
irradiation. Hardened glasses, in contrast, are characterized by reduced
light transmission.

The increase in HOS of glasses following extended annealing is due
to the ordering of the glass structure resulting from heat treatment.
Evidently, during long-terr exposure of glasses at the annealing temperature
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Fig. 20. Fffect of heat treatment on induced

optical absorption of GP glass
1 -- initial sample
2 -- heat treatment at 8300 K, 50 hours
3 "" as above, 25 hours

4 -b heat treatment at 6600 K, 200 hours
5 " as above, 25, 50, and 100 hours
6 -- hardened sample (2.2 N/cm)
KEMs A - Optical density in cm-1

B -- Wavelength in nm
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Fig. 21. Effect of heat treatment on induced
optical absorption of K-8 glass

1 -i nitial sample
2 -- heat treatment at 7700 K, 50 hours
3 "" as above, 25 hours

4 "- heat treatment at 6600 K, 25 and 50 hours
5 " as above, 100 and 200 hours
6 -- hardened sample (2.2 N/cm) -

MsYa A -- Optical density in co

-- Wavelength in nm
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TABLE 12. EFFECT OF GLALS ILýAT T•ZAXME'NT ON GLASS
ROS [30]

/O P Ai ~ p A ~ t n K - r i - 6 t '. ' c 1~ 'A

4" Hco';,liu * 10 17 78 90
y B u . . . . . .. . . 1 3 s3 8 0 D O

7 50 ........... . .14 24 80 90

1 0'r NJci,6 . 0 IG 76 90
/10 2 .2 7 . . ....... 14 75 90

KEYM a -- Samples
2 -- Integral light transmission in percent

of listed glass
3-- GP glass
4 -- Initial
5 Exposed at 8500 K
6 -- 25 hours
7 -" 50 hours
8 -- Hardened
9 "" 0.5 N/cm
10 - 2.2 N/cm

the number of structure defects of the type of interstitial Me+ and 02-

ions capable of localizing free electrons and hole formed upon irradiation
is reduced. But upon hardening, the number of these defects in glasses
increases, which then leads to their reduced ROS.

The spectral absorption ci.rves of K-108 and K-208 glasses after dif-
ferent heat treatment conditions are virtually superimposed on each other,
as to be expected. This is because the ROB of glasses with these composi-
tions is determined by cerium ions, whose stabilizing action prevails over
effects occurring in the structure of glass resulting from its heat treat-
ment. Thus, this study established a relationship between thermal pre-
history and the radiation-optical stability of glasses.

Effect of heat treatment conditions on radiation-optical stability of quartz
glass

Yokota (12] showed that the heat treatment of glasses fused in the
flame of an oxygen-hydrogen torch substantially affects their ROS. Thus,
the treatment of gle in silicon vapor at 16200 K causes coloration to
appear in the visible spectral region upon subsequent gamma-irradiation
with doses that before treatment did not cmause an increment in optical
density. This was related by Yokota to the increased number of oxygen
vacancies in glass after treatment, which also accounts for the reduced

OS. hi-n cxplanation gave uae doubto, Aiin'oe it is difficult to assume
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I
that during melting glass is produced with so few a number of vacanqt

typo oint defects that coloring does not occur even at radiation doses
of 10 - 108 r. We also cannot presume that treatment of glass in the
vapor of high-purity silicon contaminates glass with metal cations, whose
presence is responsible for the coloring of glass in the visible spectral
region. I

More probable appears the assumption that agents promoting the forma-
tion of color centers and increasing the R0S of a glass compared with
glass obtained by the vacuum-compression method are present in quartz
glass melted in the flame of a hydrogen torch. Considering the different
technologies, it is natural to assuLO that the increased ROB of a glass
melted in the flame of a hydrogen torch is accounted for by the presence
in the glass of hydroxYl grou s, as was advanced by Cohen 352', and also
by Botvinkin and Zaporozhskiy M5)]. Without denying the role of hydroxyl
gToups, nonetheless we do assume that a major contribution to the rise in
ROS of quartz glass is made by free hydrogen, whose role from our point
of view is more appreciable than that of hydroxyl groups. During heat
treatment free hydrogen can diffuse from the glass, which accounts, as
we see it, for the drop in ROB observed by Yokota.

To verify these statements, a series of experiments were conducted.
First of all we thought it necessary to conduct heat treatment at much
lower temperatures than Yokoýa used [12], since hydrogen quite readily
cLiffuses through quartz glass at even lower temperatures than his. There-
fore we selected temperature of about -11000 K*. Samples of KV quartz glass
were heat-treated for different periods of time (up to 15-20 hours). The
2700 nm absorption bend was monitored; no changes in it were recorded.
The ROS was checked in two wayst

1) samples were cut from each piece of glass; each sample was heat-
treatsi for a specific time and then irzadiated with gamma-rays at a dose
of 10 , using a Co60 source; and

2) to cancel out the f±ffect of data scatter from sample to sample,
the kinetics of ROS change were observed as a function of the heat treat-
ient time for the same specimens in sequence, for every 5 hours of heat
treatment. In this case each sample underwent g,,ma-irrsdiation a number
of times, and coloxing was removed by subsequent heat treatment.

Both methods yield similar results in principle. Optical density
was measured before and after irradiation with gamma-rays using a SV-50
spectrophotometer. The increment in optical density was reconverted to
a thickness of 1 cm. Though the probability of the increase in the number

* 0imilar treatment conditions are described in the ctudies [35, 36].
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Fig. 22. Effect of heat
treatment on supplementary
optical absc.'ption of quartz

glasses
1 -- KV glass,1.2 mm thick

sample, 250 nm band
(5.6 ev)

2 -- as above, 240 nm band
(5.1 ev)

S-- 300 nm band (4.1 ev
4-- 540 nm band (2.3 evi
5 IN KY glass, 12 mm sample

thickness, 500 nm band
(4.1 ev)

6 - as above, 540 nm band
(2.2 ev)

7 -X KI glass, 540 mm band
(2.3 ev)

8 -- XI glass, previously
treated in hydrogen
atmosphfz.=

KEYs A-- Change in optical
density in cm"1

B -- Time in hours

of oxygetA vacancy type defects resulted from each treatment at 11000 K is
negligibly small, still for greater experimental rigor, K! glass also
underwent heat treatment simultaneously with KV glass, since if it ia
assumed that oxygen volatilizes from the glass, then it must appear also
when * glass prepared by the vacuum-couipression method is heat treated.
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The results of this study [541 are shown in Fig. 22. Heat treatment
leads to a change in the increment in optical density after irradiation
for all absorption bands observed in quartz glass: 220, 240, NO0, and
540 nm (5.6, 5.1, 4.1, and 2.3 ev) (corresponding to curves 1-4). The
fact that heat treatment alters all absorption bands is in agreement with
the assertion that free oxygen volatilizes from the glass, for its presence
in the glass can reduce the concentration of both electron and hole color
centers. This is also confirmed by the fact that the increment in optical
density calculated per 1 cm of thickness is much more effective after the
heat treatment of thin samples than of thick, which can be seen by com-
paring curves ) and 5, and also curves 4 and 6. Curves 5 and 4 were
plotted after the results of irradiating and heat treating 1.2 mm samples
were recalculated, and curves 5 and 6 - for a 12 mm sample thickness.

Heat treatment of KI glass, as to be expected, does not cause appre-
ciable changes in its ROS (curve 7).

The extremal pattern of the change in intensity of supplementary of
absorption in the regions 220, 240, and 300 nm (5.6, 5.1, and 4.1 ev)
shows that besides hydrogen diffusing from glass, thus lowering its ROB,
some other processes also tate place, whose nature at present is unclear,

If the mechanism of decrease in ROS of quartz glass after heat treat-
ment is properly understood, then we should have the opposite effects
treatment of quartz glass in hydrogen atmosphere must lead to a rise in
its radiation-optical stability. This is confirmed by studies of Soviet
[34] as well as foreign authors [35, 36]. Results of ROS change after
a glass has been treated in hyarogen atmosphere are shown in Table 13.

Prom Table 15 it follows that the most intense rise in radiation-
optical stability is observed in the visible spectral region, and its
dependence on the treatment temperature is more strongly pronounced than
its time dependence. This indicates that the process of the ROS increase
is diffusional in nature. Naturally, treatment of a glass in hydrogen
proved to be more effective at elevated pressures. Actually, glasses
treated with hydrogen at high pressure [36] revealed resistance to certain
kinds of irradiation, In some glasses paraimagnetic effects and induced
optical density associated with the irradiation of glasses are diminished
by a factor of 20. Irradiation increases th, 'oncentration of hydroxyl
ions, which is confirmed by the greater absorption in the infrared region
(2700 rm) and indicates that treated quartz glass contains free hydrogen.

Hydrogen treatment of a glass was conducted as follows: the glass
was heated to 11700 K in hydrogen atmosphere at 300 Mn [meganewtons]/m 2 .
Then with pressure held unchanged, the glass was cooled down to room
temperature, and the pressure was decreased to normal. The resulting
glass contained 8 mole percent of dissolved hydrogen. When glasses com-
posed of SiO2 and B 0 underwent this treatment after being irradiated
with neutrons or am- the uvlei-rul vs•p•a••U Oe signal
and absorption in the ultraviolet and visible spectral regions ordinarily
observed in glasses were markedly diminished.
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TUiB2 15, 'vFFEkCT OF TREATICENT IN HYDROGEN ATMCS-
P ERE ON COLOhING OF Ki GLASS W11EN G lA-IRRADIATED

WITH A DOWE OF 106 r (2.5 mm THICK SAMPLES)

-- 21.li"'w;4 II+I• Onlo0l71' c oA 1ATI 10CCh ; rl i f T rHiii rll AA I+ , ItIJ fit+4s• l L0.01114 a 1M 2-+

npF 11750'K 0. W' 1 0,46 0,4 0.39 0,11; 0,20 0,05

•q.h70 K• 0,96 0.9 ()t , "52 0,4 0,46 u,,3'. 0,35 0. i1

1ý( 'K 09 1 0 , V 2 0,1,) 0, ". 0,29 0,18

KCEY: 1 -- Treatmens r,,.gime2 -Cha in optical density of glass at

listed wavelength, in n

0{

3 - untreated
4 -treated

5 -- 2.5 hours at 4.170° 06 2--,5 hours at 870°0 K
7EY - 5 hours at 870g Xm

As a result of the irradiation of quartz glasses with neutrons at a
dose of 1.2 • 1018 neutrona/Gm2, transmýýssion was lowered down to 30 per-
cent at 300 run (4.1 ev), 2 perlent at 265 nm (4-7 ev), and I percent at
240 nm (5.2 ev), while glass treated by the above-described method and

containing 2 percent hydrogen had, following irradiation, about 80 percenttransmission at 300 ni (451 ev), 55 percent at 265 K (4.7 ev), and 3 Per-
cent 5t 240 nm (5.2 ev).

In order to eliminate the possible reaction between hydrogen and SiC2,

with hydroxyl groups forming, the effect of preliminary treatment of
quartz glasses in hydrogen on the 2700 nm band in the infrared absorption

spectrum was examined before and after the glassGc were irradiated with
neutrons. The irradiation of glasses containing itdrogen causes a reac-
tion of h0drogen with SiO, and an inare6se in the formation of Op groups.

We can conclude that the increase in the formation of nydroxyl during
the irradiation period is dren a, olowgironal to he drop In the conzen-

traiion of color centers formed [556.

Similar rusultb were obtained in our own experiments [341t Kigass
samples werer toed at 11200 K and p t increased hydrogen pressure. As
a result, we will be able to raise he radfeationfoptiiar stabiltty of
KI quartz glase up to doses of 1th 200 rie chang in optical density in Ispcr-wseaie eoeai afte th glse eeiraitdwt

neutons Theirrdiaton f glsse cotainng ydroen ause a eactino yrgnwt i0 n nices nte omto fO rus
We " ca cocld that tb inc s in th fraio of nyIroyI during



the visible spectral region for a radiation dose of 107 r did not exceed
0.02 (7 mm thick samples), while the initial glass with this thickness
virtually lost its transparency after irradiation. The rise in ROS was
determined by diffusion parameters and increased with rise in temperature,
exposure, and hydrogen pressure. However, we must remember that raising
the treatment temperature to 1370 K can cause hydroxyl grcups to form
in the glass, which was detected in the 2700 nm absorption band. An in-
crease in ROB was also observed in those cases when the 2700 nm band was
not manifested.

The question arisess is the rise in ROB associated with the fact
that during heat treatment the penetration of hydrogen into glass ceases
some structural or chemical changes, or that free hydrogen has an effect
during the irradiation process? In the first case, the rise in ROS must
be irreversible, and in the second - reversible. Heat treatment in the
air at 11200 K of KI quartz glass previously enriched with hydrogen
showed that even after 15 hours of annealing the increment in optical
density in tie 540 nm -egion (2.3 ev) (for gamma-irradiation at a dose
of 105 rt of. Pig. 22, curve 8) reaches a value corresponding to that of
the KI glass.

These studies show that the quartz glass ROS is determined by the
presence in it of free hyarogen, which entere the glass either during
melting or via diffusion. However, these two processes of enriching
glass with hydrogen differ by the fact that in the first case hydroxyl
groups rosponsible for absorption in the 2700 nm region are formed, and
OH groups do not form in the second case.

The increment in the ROS of quartz glass can also be brought about
by treating it in water vapor at temperatu7-es of 575-9200 K and elevated
pressure. Here quartz glass is crystallized to a depth of several milli-
meters. To be able to measure tranaemission, the cristgbalite crust must
be removed. After gamma-irradiL ion th a dose of 10. r, an absorption
band appeared in treated specimens " the region 3200-O3500 nm absorption
in the 2700 nm region was abaent A6 we can see from Table 14, a rise
in the treatment temperature increased the radiation resistance of the
glass.

The appearance of hydrox1L groups bringing about absorption in the
3200-3500 nm region shows that water molecules break down and, therefore,
in addition to hydroxyl gr(ops free hydrogen can also exist in the glass,
and its concentration is proportionral tý1 the number of hydroxyl groups
present. A similar relatiornship letween hydrogen and hydroxyl groups
can also exist when glass is malted in the flame of an oxygen-hydrogen
torch. Therefore, it is not precluded that the proportionality of ROS
and the hydroxyl group concentration ia brought about by the proportional
content of hydroxyl groups and hydrogen.

Experiments showed I.hat an increase in glass ROS when hydrogen is
diffused into it takes place also when hydroxyl groups are not formed.
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TB 4- FFtCT OF TR.\TTYLNT Ta.W&H-kTUkix 1N
WAT R VAPTO ON OPTICAL ABSORPTION OF QUARTZ
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Kk.X: I -- Treatment temperature in o K -1

2 -~ Change in optical density in cma

at listed wavelength, in nm

But it has not been possible to demprcitrate or refute the role of hydroxyl
groups in enhancing the radiati,,i-optical stability of quartz glass, at

present. As for the role of free hydrogen in raising the hOs of glass,
it becormv evident not only when glass is heated in hydrogen atmosphere.
Irradiation with neutrons at er.ergies up to 200 kev even at a dose
of about 108 rad does not cause coloring of the glass in the visible spec-
tral region. This evidently is caused by the fact that the low depth of
penetration leads to a high proton concentration (up to 1019 protons/cm3 )

in the layer being irradiated, which then prevents coloring from being
initiated. All the foregoing allows us to assert that the penetration of
hydrogen or protons into a glass increases its ROS, and this rise is
reversible and evidently not associated with chemical reactions in the
glass.
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CHAPTER FIVE

KINETICS OF THE ACCUMULATION OF COLOR CENTERS IN GLASSES

The dependence of induced optical absorption on irradiation time
and in general as a function of dose in any given form has been investi-
gated by all researchers studying color centers in glasses. The main
method of study is to plot curves describing the dependence of optical
density (or its increment) on irradiation time or dose. Findiug the
time function of optical density has the same physical meaning as deter-
mining the concentration of color centers, since these quantities can be
regarded as proportional. For practical purposes, it is sufficient to
know the dependence of the optical density increment on radiation dose.
Here by no mea,., in every case must we reso.t to decomposing the ab-
sorption bauds into elementary components, which is a very laborious
process. In most cases curves of the rise in optical density are plotted
without preliminary decomposition of the bands.

In the study [1] it is suggested that the rapid rise in the con-
centration of color centers in the first irradiation stage is associated
with the formation of color centers at traps already present in the glass
before its irradiation and the reduction in the rate is associated with
filling of the traps formed during irradiation,

The studies [2,3] attempt to give theoretical methods of calcula-
ting the concentration of color centers in glass as a functiov of dose.
It is assumed that the formation of color centers is associated with
filling Lraps present in glass before irradiation while centers formed
are therrmally stable at room temperature. These theories are examined
closely Jin the work [4], where the complexity of solving the proposed
differes.tial equations and the difficilty of their experimental verifi-
cation are quite properly emphasized.

At the same time, the phenomenolugical approach to studying the
1Inetics of the accumulation of c)lor centers has proven useful for al-
kali-halogen has proven useful for alkali-halogen crystals; in this

- 62 -



approach the parameters of the kinetic uquat Ion are detorminnod from ox-

periment 15]. Toe approach is promising also in studying tice kinetics

of the accumulation of color centers in glasses.

1. Phenomenological Equation of the Kinetics of the Accumulation of

Color Centers

Ionizing radiation can produce radiation defects in a purely elec-
tron-hole procer. when the electrons freed by radiation and the holes

are captured by intrinsic and impurity defects of the glass lattice;
similar radiation defects can be thus produced also in an electron-ionic
process when the energy of ionizing radiation is used in producing and
exciting new defects in the glass lattice [2]. In the first case, the

curve cf the growth of absorption bands must tend to saturation, at which

point the corresponding finished defects will be populated by electrons
or holes.

Theoretical curves of tne rise in absorption have been derived in
the work [3] for electronic centers, but this process easily lends itself

to toe phenomenological description in the initiation of both electronic
and hole centers [6]. If for a given irradiation intensity, a constant
concentration of nonequilibrium electron-hole pairs is maintained in a
glass, then we can introduce the probability of the initiation of color

centers for capture of a charge carrier, p, and the probability that the
color center will break down on being irradiated, q. In addition, there
is a definite probability of the thermal breakdown of color centers at
Sgiven temperature, qT' Then we can write the following equation for
the rise in the color center concentration, n:

d"i [(N-) p -- (q + q-.)]di, (14)

where N is the corcentration of defects at which color centers are produced;
and t is the time elapsing from the onset of irradiation.

The solution of the equation is as follows:

f=N io [N 7 - n jl-..,(p r q+7)i (15)

where n0 is the concentration of color centers before beginning of irra-

diation, for example, the 5.2 ev band in quartz glass.

It follows from t0 olation of equation (15) that the increase In

optical density must i.f a e.imit. The optical density on attainment of
saturation must be characterized as the concentration of sites at which
color centers are formed, as well as the ratio of the probabilities of
their formation and breakdown. In practice, equation (15) can be used in
finding the variation in the color center concentration (n - nO) in the
optical density scale as a function of the irradiation time:
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From equation (16), we can determine the quantity a = p + q + qT'

To do this, we must know the increment in optical density for irradiation

times t 2 and tI corresponding to the ratio t 2 = 2t In this case the

experimentally found quantity K_- (n - n0)/nt - no) is associated with

a by the simple relationship K - 1 - 2-atl, knowing a, we can also deter-

mine the pre-exponential multiplier in optical density units.

A- apav0 20j

Fig. 23. Kinetics of variat!.ou in
optical density of KI quartz glass
(2 =m thick samples) for x-ray ir-
radiation at the absorption band
maxima
1 -- 540 nm (2.3 ev)
2 -- 300 nm (4.1 ev)

3 -- 215 nm (5.7 ev)
KEY: A Chant, in optical density

B -- Time J, hours

The quantity qT can be determined in approximate terms by studying
the isothermal decolorization of glass after irradiationi ceases (Cf.
Chapter Eight, Section 4). However, at constatit temperature and radiation
rate when no specific problems are posed, we cannot separate qT and q
and we can speak only of the overall probability of color center break-

down.

If we have been able Pxperimentally to determine the ratio p/a,
then it proves possible to establish the concentration of defects in
glass responsible for the absorption in a given spectral region. Fig. 23
shows the kinetic curves obtained from x-ray irradiation of KI quartz
glass (tungsten anticathode, U = 37 kv; I = 20 ma). These curves are
characterized by the following values of parameters A and np/a when N

0 (Table 15).
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Table 15 VAV;n OF PAIiAMETERS A ANT) Np/a

A ,p

SOf2 0, G tC2 0,23 0,8!

3• 0,04 i,85

KEY: A -- Curve number in Fig. 231

The proposed approach to describing color center accumulation can
be usetd in solving several theoretical and] practical problems• that are
considered in this chapter,

2. ComLined Exposure to Two Kinds of Radiation

Investigating r' - kinetics of color center accuHmu'lation for iMnul- -
tanveowu and successive exposure to different types of radiation is of
interest fron two points of view. First of all, the correlations found
wl1 rage it possible to predict the degre of glass colori'l. upon com-
plex vxposure to several kinds of radiation. Secondly, s inuc Croiii. tI;
vxpt-iJ'ieitul function A• DOt) one can detrmilne directly the product Np
in general, studying the kinetics of color center accumuls ltion for simul-
taneous and successivc exposure to two types of radiation -- x-ray and
ultreviolet rays at producing new defects in glasses -- became extremely
impi rtant. I

These studies revealed that the numerator of the preexpone tial
mnuhtipler actually consists of the pioducts of two quantities N,), of
which one quantity, p, characterize:s the jftcbacuiun of radiation with
the glass, and the second -- N -- is a characrerl-Aic of only the glass.
If the quantity Np/a found experlmentally hau characterized only the
interaction of glass and radiutiorn and did not depernd on the co(1emitra-
tion of defects in the glass, we would have observed the add[ttivi,•yof
the concentrations of color centers produced by each type of radiation.
But if we introduce into this product the cifactor characterizing a
finite numbfr of defects, then we must have additivity of the probabili.-
ties p and 4.

Exposure to one k-..-,d of radiation (for example, x-rays) produces a
concentration of color centers descfýibed by the following equation:
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whre no is tae concentration of color centers produced upon irradiation
by the first sc,urce.

Exposure to the other rodljtton soarce- (i,-,r example, ultraviolet
radiation) produres a concentrat ion of color centers determined by the
equation:

,l* tl,,o (IA - C.

The equation characterizing the concentration of color centers for
combined exposure to two sources will be of the form:

+a -_ n' [

Successive irradiation by two kinds of radiation produces the
following color center concentration:

nf =tz , /j .. UN• _ o i - e- ') xzfloca"f °i

,A'P (1 e "17)

F'.om equation (17) it follows that the saturation level for expo-
sure tc the second source must be Epl/aI. Therefore, if the initial

concent.*ation n0 were higher than this level, we would have observed the
glass becoming decolorized, and if lower -- then we would have observed
additional coloration.

Experimental verification of these equations was performed by the
authors on a glass witb the composition Na2O • 4Si0,. The increment in

the optical density of the glass when exposed to x-rays from a tube con-
taining a tungsten anticathode (U = 37 kv, 1 20 ma) for no = 0 is

described by the equation 6D - 1.14 (1 - e 0 .161) (Fig. 24, curve number
1).

Simultar'eous exposure to x- and ultraviolet rays at wavelength 250 nm
from a UXL--500 xenon lamp 1a4 to a variation in optical density obeying
the law AT -n 0.9"? (I - C-lzt) (Fig. 24, curve number 2). Hence it
follows that aI =: 0.07 and Np1 /a, = 0.57. The increment in optical density

must be stabilized at the letvel 0.5/ for exposure only to ultraviolet rays.
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0 2 4 5
4 aBpPAn 1£1

Fig. 24. Kinetics of change in
optical density of glass with
composition Na2s • 4 Si02 at the
410 nm maximum of the absorption

band (2.9 ev) for sample thickness
2 mm.
1 -- Irradiation with x-rays

2 -- Combined irradiation with x-
and ultraviolet rays

3-- Irradiation with ultraviolet
rays

LhY: - --- Change in optical density
B -- Time in hours

Curve 3 ±'h'na th- vatalatiou in the optical density of the glass with
"a0 = 0.61 for ek,,4ure to u~traviolet rays. The stabilization level cor-

responds to 0.55, tht is, differs from the predicted value by less than
4 >Prt, which fits in quite well within the error of radiation intensity.

ThJz r-zuj'r demonstrates the >rinciple that the probabilities of color
center forri-•ou ard breakdown sre a4citive and shows that each kind of
radiation car;rot act indepariderrt J y of &nothez kind. So the parameter N has
an actual physical. siwgnlfiance.

3. Kinetics of the Aecu-, Ulatioi, of Color Centi-.s in Glasses with Additives
Enharncing Radiation-optl S al Stability

Introducing a waial]] amount of ozLd(cc of pui-/.•;oeift ions leads to a
decrease in the concero rution of color ,centers absorbing in the visible
spec.tral region, but p.roduces new ab-orp' ion .awlds in trz. ultravlolet
spectral region.

Accordinrig to th, wurl7 •,j , the_: du' as( it, ' nubcenter fox'i.tioiJ can
be caused by _ho fact t hat the ad'1iles w ch impurities nt whi' i
color centers arte form' /, ei. her in tib q :lor4 1o,_, of energy, or L-st- Jr,
the capture of electrons or holes. i, tither cds-, t.,1s is •;,nJfes' c
phe'rionu obrogicallIy In at I cuC-lion ± ii' op unpi .~lct p~
region (compared wi lt the ' original gi].st, . Slfr(, thie ge.ý s" urf', does
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not change and since the nature of the radiation-glass interaction is al-
so the same, we can anticipate that the probability of color center break-
down in this spectral region (for example, in the visible region)after an
additive has been introduced will remain unchanged, that is, the presence
of the additive reduces the probability of center for-mation, but does not
interfere with the probability of breakdown of centers formed. Below it
will be shown that because of this circumstance it proves posbshlp rn

determine the ratio p/a and thus, N.

In examining a sodium silicate glass (Na20 -- 25%, Si0 -- 75%) con-
2 Sf02

taining cerium ion additives, the authors of the work [8) starTea from the
premise that adding variable-valency ions does not markedly aftect glass
structure, that digestion conditions are manifested in the equilibrium level
of oxidized and reduced variable-valency ions, and, finally, that the for-
matio of new traps during irradiation virtually does not take place at all.
They proposed the following method of describing the optical density of
silicate glasses irradiated by x- or y-rays.

n=zno(ie-VC); N=ZzJ.o&IC

where N is the number of holes captured by traps; n0 is the total number of

electron-hole pairs produced by radiation; n is the number of holes captured
by Ce 3 + ions; C is the concentration of Ce 3 + ions; and V is the volume of
charge capture by the Ce 3 + ion.

The proposed equations completely ignore the kinetics of the process.

But C changes its value during irradiationwhich must be borne in mind.

Suppose that a polyvalent additive is added to the glass, and its

concentration is C ' + C" (where C and " are the additive concentra-

tions in two different valency states). During irradiation the additive
makes a transition from stata C" to the state C', which leads to a smaller
rise in optical density in the particular spectral region in questioncompared with the original glass, that is, the concentration of the corres-
ponding centers n <n, where n and n characterize the concentration of

p p
color centers in glass containing the additive and in the original glass,
respectively. The variation in concentration n is described by the equa-

tion

dn= [(N - n) p - qit- (Co - C') p]dt.

If we consider that the concentration C' varies according to a law
similar to expression (15) then

n,.N@ - p- iI e"..... ')--C'p --an, (18)
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where p1 and a are parameters characterizing the accumulation of centers
C'. Hence

aa, (a at)

C P) (-ac_ 1 ) n -b(i -b ' 1 -

-m(e--e-a). (19k

Equation (19) is best represented in a somewhat different form, by
rearranging the terms:

% = ri -b + (b ,'+ m) C-" -- me-4"; (I9t
n -- n R b - (b +m) e-a M"' -a. (19a)

At the same time, the kinetics of color center accumulation in a glass
containing an additive must be described by an equation of the form (15):

np = (1 e- A 'I

Therefore,

a A

The right. terms of equations (19b) and (20) must be identical, hence
it follows that

a A a a aa1
'N _ b-i. - C,,1 q , , (, 0.-' qc',) (22)
a U$IL - (- at

* Parameters A and B sean the same as a and pb lut characrerize th.
additive-containing glass.
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AlP ( 2o,- ,
A ,i (2a

A (24)

V 20
Spet. I

Fig. 25 Kinetics of variation

in optical Jensity of glass at
the 420 nm absorption band
maximum (2.9 ev) for 2 mm thick
samples
1 -- Original glass
2 -- Glass containing 0.3 percent

Ce 203e203

KEY: A -- Change in optical den-
si ty

B -- Time in hours

Based on equalities (21) -- (24), we can write

nfl=m 01 - e * (25)

As noted above, when a glass with c'omposition Na2 0 4Si 02 is irra-

diated with x-rays, the kinetics of color center accumulation in optical
density units for , 2.9 ev is described by the equation

a'

Adding 0.3 percent Ce 2 0 3 to this glass under reducing digestion con-

ditions increases the relative optical density of the glass (Fig. 25) and
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AD = 0.43 (1 - e0'10t), that is, b = 0.71; m - 0.43; A - a, = 0.1.

Assuming Q = q , ql and N remaining unchanged, we have

Np . P,1. 0, 4. 4

Np p O, 1 02

With the system of equations pl/p = 0.24; p1 + q - 0.1; p + q - 0.16,

we find the values p1 M 0.02; p - 0.08, ql = q - 0.08. Therefore, Np/a =

N/2 when cerium is not added, and Np 1 /a, = N/5 when cerium is added.

The presupposition that q, - q is an assumption. This compels us to

verify whether or not it is contradicted by equations (21) and (23),
according to which

Cl'

in P1o Co
b q (a -ai) (a--,) p q

If we consider that the increase in the relative optical density is due
to the presence of trivalent cerium ions, then considering the digestion
conditions, we can take C0!/C0 to be a very small quantity, since cerium is

present mainly in the trivalent st~ate, m!b z p,/ql. a<a-a ),_ and pl/ql

(a-a /a • m/b = 0.06/0.16 • 0.43/0.71 ;. 0.23, which agrees well with the
resulting value pl/q- 0.02/0.08 - 0.25. Therefore, N/2 and N/5 can be
regarded as close to actual values.

This makes it possible, after determining the coniersion factor, to
estimate the maximum concentration of defects as well as color centers not
in the optical density scale, but in percentages of the total number of
structural Plements of the glass -- Na 0 - 4SiO groups.

2 2

Adding 0.3 percent Ce203 reduces the optical density at saturation

by the amount b - 0.71. Ly formula (21), b is 0.03 percent, that is,
one unit of optical density 's caused by a center concentration of 0.04
percent, therefore, Nt/a - 0.046 percent, and N - 0.092 percent, that is
N < 0.1 percent which gives a value close to 5 1018 cm- 3 . The same
result can be obtained from formula (23), assuming C' to be a small

quantity.

Let us consider the system of equations (21) - (24), which enables
us to trace the relationships of parameters p, P., and P for different
C, and C' values. The mairn assumption made above is that int-oducing the
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additive reduces the probability that the centers under study will be formed
(P < p), but does not affect their breakdown probability (Q = q). Then
equation (24) can be written as:

P, - q, -= P -; q (24a)

In our above example, we have L'te epuality q - qj, therefore, p1 - P.

However, these equalities are valid only when C' = 0 since in the general

case with the assumption p1 - p and q, = q equations (21) and (23) are not
compatible. Therefore, p1 and ql, just as P, are functions of Co and C,

and only when C' - 0 does p, - P. In the general case the values of P.(CO,
01

C;), and P(Co, C;) satisfying equations (21) and (23), are expressed very

awkwardly, therefore we will limit ourselves to considering particular
cases.

1. Suppose CA - 0, that is, the additive is introduced in a valency

state, where the transition from this state to the state C' competes with
the formation of color centers n. In thiE case equations (21) and (23,
become:

N Lp =NP Np NLP . CLp Eq..
a A a a1  UaO

NP _NP p ý Crj

A al (a--a,) a,

These equations are valid when
Np, -pq -- Npqi.

Np-- CO -- CO q1
Np'P NP

Np + aCo - Co qt

From the experimentally confirmed assumption that q ql, it follows
that

P L = p _" N p
N i-Co"

Hence

A Na + qC,
N - C,
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Ž.2LP •i -e ,Nc C.

For small t values, we have

-qC N + Co N + Co

2. Suppose C' = C0 . In this case equations (21) and (23) will
0 0

become:

Np NP Np NP Co P1 q1

a A a al aa I

NP NP P qC
A a, (--a,) a,

Np (a - •
Equations are compatible when P1  A'P--Ciq, .;

However, when P - p, we have A = a, = a, that is, _P Np and,
A a

therefore, Copq 1 == . The latter is satisfied only when p1 M 0
o0t

and q, , a, or when p, - a and q - 0.

It also must be noted that In principle the decrease in the induced
absorption in a glass with an additive introduced is possible, compared with
the original glass (a > A), also as a result of the additive not reducing
the probability of color center formation, but Increasing the probability
of color center breakdown. In this case, evidently, A >a, therefore, it
is experimentally easy to determine which of these two mechanisms is at
work.

4. Effect of Irradiation Rate on Induced Optical Absorption

To allow for the effect of the intensity of irradiation on the induced
optical absorption, in equation (14) we must introduce the irradiation dose
dD - Idt in place of t:

dn= ("- a)-7nq'-nqrjj-3-
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where p' and q' are the probabilities of color center formation and break-
down after irradiation with a unit dose.

Hence it follows that A

A

dn ('-n)p" (q'+'r) IV _n P
dD I

In equation (14) p and q are defined for a unit of time and must be
proportional to the intensity of irradiation. Hence it follows that the
ratios P'/I and q'/I are constants for a given kind of irradiation and for
a selected glass. The quantity qT does not depend on irradiation intensity,

since it is determined only the the temperature of irradiation and by the
selected glass.

The diffu:rential equation taking account of the effect that irradiat-
tion intensity has on the kinetics of color center accumulation will be
of the form:

a l l N p -( q + (26)

The following function is the solution of this equation;

nt - /1,0 -11 .. .;u- p• - 21cr

\PiT i-e

nO C1 1 ,q (27)

If equation (15) describes the process of color center accumulation
after irradiation, whose intensity is taken as unity, equation (27) enables
us to calculate the color center concentration at an irradiation intensity
I, which is important for methods of testing glass for their radiation-optical
stability, since it enables us to compare the change in optical density at
different irradiation Intensities.

Experimentally, equation (27) was verified for a glass with compositlon
Na 20 4SiO2 for 2 mm thick samples. The dose obtained by the sample after

bpIng Arradlated for one hour with X-r3y& Oi a URS-6 0 !!U~allation (IU
kv, I 20 ma), was adopted as the unit. In this case for a glass with
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S2 4Si02 p + q + q, - 0.16 hr-I, and N m0.182. The
composition Na20 S 2  q q . -

increment in optical density is described by the equation Nt A 1.14

(1 - e16D), where D is numerically equal to the irradiation time. The
intensity of irradiation at a current of 10 ma is 0.6 - 0.7 of the in-
tensity at 20 ma. The quantity a determined experimentally from the
isothermal anealing of an irradiaTion sample is 0.02 hr-I. Therefore,
the dependence of the increment in the optical density must be described
by the equation n p- 1.07 (1 - e- 0 16 t). Fig. 26 shows nt values cal-

culated based on this equation and those obtained experimentally. The
differences do not exceed 10 percent of the measured quantity.

Fig. 26. Kinetics of variation in optical
density of the glass NaP * 4Si0 2 at the 420

nm absorption band maximum (2.9 ev) when ir-
radiated with x-rays (sample thickness 2 mm)
1 -- Calculated curve
2 -- Experimental curve
KEY: A -- Change in optical density

B -- Time in hours
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MUMT Six

LUMINIZOENCE OF CL1ASSES

The phenomenon of hlitinescence -) ý.pplied to glasses car, be viewed inA
tWO L3PeC~t3 - strongly lurnines'dint -_1&noes and glasoe3 with roduced himi-
rIV00o(ýC1. ý;tror~gly hunm1nescirip. glasese arc w.46tly uned in laser equipment,
2umrnfesconce analypis, and an glowini; screens in instrumento. However, iri
j% larg.e nuraber of applications of Ulas3, lumineaconce is an undesirable
e.fi'c:ct, ii.~ t reducen tnce quality' of optiae~l inst--uments, becsause it
deocriorateý, thc ýýIarity of imaging, or, tei,?vis->on sorperns LArti tIII qualit'y
of ul~otof -, ~. Th~is cripe cxam Vne l(rotVuu re)hitin,.L to lwiiusnclný,
Clahsucs and the effect alhea uornpouitiai has on Iiimriescence.

1. erc~b.c,7 in the Thcu-ýy of hxc-ita ti4_r. and tuenchiri6 of Lumianescenr.cc

1Mcre thair. 550 ycars have 1-uFcseu chincE the discovery of' liminun.uorae,
how( vur th to far ther c- j a o eoin.rarl theort of D~uuinefaoerwe even for cry jtalu.
The reoason lies in the extreou ecomplexity oif prouesesr' cauaing uOio8i to

?i,/ ti, def inition of Vavlt2 )v LI , lj 1, irhC'. 'X~~vici
tisr terfPfjr;A.i.- emiira 2 ( of iý I-i'l4 if thiC 0 X~edj 'A finlitQ

rd-ration, munh 1,niwer tuiji Lni- pir lodI of, t ~ .vI

-Pori~aneoki, lofeud, rand onirain

.. pontan~oouu and fi-ernor lijrqn.reucujh'; ini u(autifd b6 the lireq0I0 lij F.
L.sOcri41 , disv--rute ,cnter;i [31. J~~uni9nuof discretc- curituirn ik;

2 o (y 1))OQph 12'14 ins Whj(J 141 o2 e 'oprucur!ens take Ipiauu h t
ividiVidubil "plt'phorc-uen.j ne- entitt'J . InOuiviuaJ. ,u or wao)eculem or their

W(- Pkn(W too t lCrui r'IOI ~ 1 uJ( 1. .t'c'r' r) na ~ [4, 5], bo)rio;
8Jr,f 11UUL11- Ini ',:Jjh(; P" (, 71 110'(91 ctidol o ,*o;i ri is t-le phoupbmurul(i~ne
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~ ~. cj* i ~ ; i~io (j ~he-rs, ~.it ki:'.Icum;fbiant io ri qnopihorPFc.!r;1'j

,C'onprisce t~re -.roup of typica-l crystal piioupAiors. PIfe act Of
1,ig!t ai';;nrptiorn in accornparnied in~ thc-r'c rpbr by an internal photo

vffeot, and the -uasesion of tthe lumine.ucc~rice qiuantumn results from the re-
com~bination of t icw photoulectron with an activator ion.

-The lawi3 of the traps f r'a-at ion of' excitaiion energy ir.lo luaiin.ctc~nce
rjcL are valid for all phooipnors in any states of agg~e~atio~

The law of the spectral trarnuformati.ýn of light wac first for:,,ilated by
6tol:es b as a statement of the trecesshry increase in wavelenicth during

±un~c'oenc (, ' ex ) The physical content of ctokes law waL; eluci-

W'-'-d by Lizmotein (9] oased on pia;;imiive ideas of the quianturf, tkeory of

]ýL~tht, A reduction In the feqi~ency (_ ligh-t evidendy Means that in ijie
active Ji.eenoonly part of' the orierjV absorbed by the phosphor J~r

oflojittfPo( (hp -< 1)4 V ).

]ioweveo, ý`tokeq' law in frequ-r~tly vioijateit i, d Vo2;4-tion.u of
L'token' law indicate tVie POPFDIIBi1ty Of tillr t-evvcue tr;Ansition of inturnul
(ttierfi"l) .;nirgy of a hoAy ijrLo the enrgyr of lumnieojellcf emitncion,

jkllumuil [Li?2] ga-j. a mrore expanded formulation to Vla.w )f te fjpectral
trimniformation of' liht-) Aocoraing t- Lommel, tre lum raortfWTCt: bV-no i 1A,

whole, anld aloo 2 S htfl , fiiiiA~irvlib Must alW,ýy. tie shi ftfec t(owa. I tljc.

!-rig-wave 6,Ldc (u{ tiu.~~tm wi t~t rcpcE-t to tl.ie ab.voipA!uii baxia awo Itls
%0 rxj u U,.

it !,nodFen fl)rMUlb Vi o (if' HIP Jft it'o t1,ii s ,L~jViA] tri im fmirrwtiori of
light har, been given by Vavilov LI , 1 ý-% ] Im t~ia t'or11114111 tit' J'eJ. 1,14jiiwih

1. Th'Ir eimrirv yt.l' (if lurnlitimwiuicfou uanfot exceel'1 uliL.Lf

1,~ HYnti-, t~k excitation, that tifi, Whctzi j (whan V It)

th(! mfLorm fri.que~ncy in the rPifii 0 on barid?) , th'! Cmericy Yluid of IdlotoLLumi
ihei(i0~ncL' maunt diecay '3 th jimin'llanfe ill tht1 freqiivlijuy ui/-'V'u0uxiuu 1

and OfJ tJo Ifl'ui i'apl y the lowi';' thi, tLemporattire of' the body.

Deeporil 3 nv j, .ri in l whrf foiin thce oticrgy ifi biwugh it tu the luniiwn(O;it
brndv, pPt)hto-,'3thodo r)12I1tilllrlj0Llr,1 u o -ti'ri(I other ' nds ll 3f JuffnjneIVOM IAue~Y'

dji'fervimtiuf,L'd [17)._

LUdmj~ c YJ i tePd by li gIt 11114111 ,, 1 na].] ',1A J~ t )10 f!i&~~

lWlrrnurict'E ClOU '.c I U'd by elf! C tzi'rrt ill mllJ td c hd]uriee1o ,and

~UiiT~]:r~~ClI. y x (i'uyi 111ou jl3.' d 1-)1ri trt/Y rlO-1 umi i flqJC p, CC I whi~ vhc

f [ .i;1 '(-11 (.,ej "--' It I _.v41j i iL' f liui J f 11, 1f!rI~ I Ji' *ilpuot!un f ;U thicJCIU
lu~iljig l'1 i l l '1111. 1'l'u Lo thri f d rafet)oIiO reCtrlurF). Toi, Ul f
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Fig;. 27. -Žer'zone
diagram of a crystal

phosphor

the t;nocrt lifetime of luminescence, not exceeding tenatts of secrnd, and
sometimes amounted to 1o0-5 0 Soc.

Fast heavy particles -- ions, protons, nieutrons, and mesons can also
cause liquid and solids to lumincs',;e. it in assumed that excitation caused
by x- and -rays, and also by bombarding electronu or particles, cauaes
phenomena similar to what is observed for exposure to ultraviolet light.

The thcoretical bases of ma~de,-,- concepts of the luminmso~noe miechanism
of crystal phcsphora i.-. the zone. theory of .Ic'lids [163]. U1nder this tYheory,
P~ie eneriW. spectrum of arn el( -.trcr n ir nonicn-ýt crystal lattice consists

of quasicontinuous enratr~ tortes and discrete loca). luvfln. Discrete levelsI
arc cfiused by the "'defectn" in the( crysthU strnu'.re-s -- foreign a~toms
J4Trtprenated in the crystal , vacanciesr Loid atuiat interstitial sites,
rhiotraýic structure, mierocrackus, crys~tal g~rain boundlaries, external crystal
boundaries, and so on. In4 these dico-rete states electrons grove to be
localIized either ait the actual "de fect;;" of' the structure or near it.

Underlying rne ,one the-ory of the lmecro2of crystal phosphors,
,has hvrn postulated a oystemt of u-nera teems nehenatically shown in fl.27.

mTf~ theory [~)auuociates level,) 1b with ann fi(;celerator aaded to tlin crys-
.1 ouring pN3-jration of tuisi phosphor and associates lev-l F with
w- ital k tructun'- defects. Aoniorptlcr 1 of light by a crystal Ieads to an

intermial p~hotoeffect ai,,l to the trannition of electrons :rom the ground
zone Bi or fromi the level of a' ti-vator 1) into the conductivity zone C. These
tran,sJIifi, -1 are? noted by arc-ow,, I nd 2, respectively.

:-'.andi a) Wliuorptlori of a crystal is ass~ociated with the first
process, &- M1rierner~tary ubneI11rptIrmT cus~ed by introduainiF an activatorI
,mnj iadnoinint,., long,-wave bou~ndary of £un-dari,,ntal ýAbaorption is aaos-
uia t'wj w!"- ~it condl proocornI

Whien I icot ,nrb)b tie act~iVAtor, ioniz,'a .1on lurmineaoerioe
1/m. rrt(,.',J are or), Ii . ?I, [An jj nmli',rrjtim:in '2-al led, vaciawy If(wel) lD in the

f~r:rj~/ $ lijTi~h' 1 ( ~ J)I tL ..s jortI orI in tVie ta tue2'u to the-

nrn101 oIr Ao th1 illwe-ifi 'These inolos are Lii dud wi.th tijc tronsj
foathe( UUswvjAt v':li. Triv procatin in denoted with iiirow 3. It isi riot



-tr6d t, s:.c that it i: onerLgotica 1d :ofit'1V], , infCe it i3 a:S- `.iUI(aU wit-,

tho trnS4ition of electrons to a lowes level. As a result of this proces3,
v,.-'ant jevels ) tire a10o formC'd,

oef the elecncrons falling into the conauctivity zonel C directly
£.'O:, .,LLe witti ionization iutmlrnescenc;e C(Pntetcf, that is, pass into the
vacancy levels of the activators (arrow 4). rhkis pr-,ce-s is responsible
P-r short-term luminescence, or in the old terminolo•.y, the fluorescence

1f crystals. Tnis component of crystal phosphor luminescence does not
appear at any tempersatires no matter how low. The remaining electrons,
falling into zonc. C, are lodLed at the tra ping levels at the sites of
crystal structure disruption (transition 5); here the possibility of their
direct recombination with ionization luminescence centers is oompletely
precluded. This recombination will require preliminary liberation of an
electron, that is, its transition back to zone C (arrow 6). Eenorg required
for this transition can be obtained in ordinary conditions only from the
3attice, which mean- that the characteristic time of tais process depenas
l.eavily on temperature.

Thermal fluctuations permit the gradual liberation of electrons local-
ized at the trappirin: levels, that is, their transition back to the conduc-
"tivity zrnon (arrow 6), from whence they immediately or after several re-
trappir;,s recombinr, wit. the ionization cent,?rs of luminescence (,curve 4).
Emiosion accompa•ying the recombination of tieoss electrons temporarily
held at the trapping levels constitutes the afterglow or tho phoaphorez-
_,Pnoe of crystals.

,uF nchirhr of luminescence is associated with nonradiative transitions.
in current literature the problem of ncrnradiativ'e trayr.itionq in cry.3tals
is ordinarily associated with the theory of Moglich and rompe [20]. 'iTh
basis of this theory is the assumption of psci,.ible "multiple collisions,"
that is, the interaction of an electron simultaneously with u large number
of elastic vibrations of the lattice. According to Moglicb and hompe, the
simultaneous production of a lares number of phonons takes place. By
instantaneously exchanging its energy for the energj of the thermal vibra-
tionn of the lattice, tne electron passes nonradiatively from the conduc-
tivity zone to the lower zotwo or to the local livel. A reduction in the
intensity of Iuminescence (quenching) ccn result from an overly high con-
,,entration of ]umirnevoing woleculet (corcentration qu.!nching), i tempera-
ture rise (temperature quenLching), or quenching by impurity atom. or
molecules. There Us no general theory of the quenching of luminescence
processes. Work in thi5 area appl~se minly to solutions [21-26].

Authoortof the papers [21-?6] have not,.d the prefence of an abrupt
c;oncentration qusnr.ohing threshold for a large number of molecules. Con-
Srta'a',ir, y,,rj'-hirqj, b,!'irin at a *juit'; sprcifi- ', ,tration, that iti,

;o, A rcdrt;fJ.r iw,,li dj.Atawc;? h'etween Mo0 cule.1, uenchir, is associated with
l.he trirrsfir of eer,',Lgry from excited trolocle-u tc, utLi!XCitIz.d moleocules. This
e..rx'rj traraift.r can "he cr,-rried out by dlifferct metLhod[;, dopcnialini, or, the
mrrin;r, d([;tWIOC rC twecn r.,o)]culaU 1,t dj.ittrir a Mirucjh I•L'2& tfe: th a , ln a
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wavelength, the transfer of energy is executed with photor'3: excited molo-
cules emit photons; unexcited molecules absorb them at very suiall dist&n.1;,:s,
commensurable with the electron wavelength; now tne erter&y carriers arc ro
longer photons, but electrons, tunneling througl potential barriers from
molecule to molecule.

The additioa of some impurities to a solution (for example, Kl) led';
to an abrupt attenuation of luminescence, a smaller quantum yield, and a
shorter lifetime for the excited state. Similarly, the fluorescence of
vapor is weakened or quenched c implebely when some foreign gases are added.
Most often oxygen is a good quenching agent.

2. Luminescence of kuartz Glass

(ouartz is a classical object of diverse phycicohemica] investigations,
holever,study of electronic processes in it has begun oniy in recent years
[27-31].

Similar ctudies of alkhli-halide cryctalb ha-ve been and are continuing
to be conducted for an extended period, which in fact has led to appreciable
advances [52-55].

The photolumii,ý-sccnce of quartz Class is caused by the presence of an
absorption band in thie 240 nm region (5.2 ev). The luminescence spectrum
crf quartz giasses congists of two banfi.: one in a snort-wave band with ito
maxi.mum in the 280 rim reg;ion (4.4 ev); the 'econd has its maximum in the
296 nm region (1.i ev) [34-37' .

In the view of several workers [38-41], these two luminescence bands,
with their maxima in the spe-tral regions 2FO and 400 nm (4.4 and 3.1 ev)
are caused by the va;.ie center. However, recently careful studies have been
r;onducted or the luminesr.ence of quartz glasses, rshowing that these ideas
alruc in error [42, 43]. Investigations have also revealed some other correla-
tic,na of the luminescence of quartz glasses. Unactivated quaruz glasses of
the following grades were studieds

KI -- r,;ontainB random impurities of Ca, Al, Ba, Sb, Pb, Mn, B, Na, and
Zn &Lot 0o-. - i0"3 percent by weight;

KV -- containo random impuritieo in ahout the same amount, Rnd OH
,0"7o041 ;ait the wav:Jength . 2700 ni, the absorption coefficient d is
6,9 Cal );

KI, -- conttinn random imnpuritie) at one order of magnitudo lower than
tvj(. above valuen; arid

VU -- a vrory pur,. iatr'riul pr,)pIarcd by :;pecia] procedures; con-
tains larjre numbora of Oil groups (at,2 2'100 nn., d is 10.5 cm-1 ).
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mar'..~

t,),s 2 at', floie J 6ertvs

KiK'Y: A -- Injtensýity i.n relativ'. unjits

(uv-2)

icaartz glass3 sampies-r "nderwent citern x: i~rrau'iutiwt-( (to 5/0 Y.v,

20 ma), light irradiation (590-210 nin (25 ev)), 'ArA teuiperat~re exposure
(from, 77 to 4200 X).

Nonequilibrium electrons and holes produced1 by x-r~y irradiation ;r
annihila ted, by recombining with each other or via reubxat .nc'ter~n
(luminescence can boe. produced in this ins5tance), or elcse- are C;:4tuArc0 at
impurity or intrinsic defects of the 6lass nuctwork (color centersar uzL-iz
duoed). obviously, the fewer the capture centers (the purer tijce naterial,,
tne higher will be its radiation-optical stability, but ailso the larger
will be the proportion of nonequilirorium charge carriers that recombine
with each other or via recombination centers. If this recombirgitior1 is

accompanied by emission, which is more probable at low temperatureu, then
as the purity of quartz glassesi is incruacjed for optical equipment operating

luminescence becomesa primary.

The £ore~oing was experimentally confirmed on the test stimples. In
KO mpiterial the i~ntenoity, of xf-ray lu-minorncqncer. at 1000 K in the principal
emninnion band of 540 nra (2',fl) ir, hijgher thnr, in K.'- or X1 material ; theý
:wc srumrir ban band:; at 5)40-5W,( rms (2.3-2. 5 ev ) ( PA . ;,b) . Irn t;ic, aboorptio:±
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Fig. ý2. Tempora ture
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2 -- 460 anrj 210 nm (?.6
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snectrum of an unirradiated Xu sample (T K 1000 K), nr) hEnd with a raaximuta
a; ?43 n, (,'.2 jv) is observed, but induced absorption consists of two
wesK bands with maxima at about 220 ani 260 rim (5.7 and 4.8 ev).

in quartz glasses of grads YI, KV, and KS, the x-ray iwjinescence
spectrum is richer - one can note bands with maxima at about 540, 500,
440, 400, and 275 nm (2.5, 2.5, 2.8, 3.1, and 4.5 ev) (Fir. 29). Detn,
for KS glass are typical also for KI and KV glasses. Gia•-- of these
grades are mor. strongly colorea it 1000 K than KO glass, 4rc bar4B with
maxima at about 540, 320, 240, ana 220 nm (2.5, 5.9, 5.2, and 5.7 ev) appear
in the induced aosorption spectrum (Fig. 50).

At room temperatures x-ray luminescence is weakened by about one order.
A bana with maxima at 440 nm (2.8 ev) becomes stronger in the spectrum cf
KO material (of. Fig. 28). In the x-ray luminescence spectruL Cf KI, YV;,
and KS materials, only orym band wi±h a mximm Lit 400 n. (3.1 ev) remains.
Special verification showed that the ey.citation spectr-,n of' this band has
a maximum at about 240 nn (5.2 ev). Photoluminescence _s exciteu in the
region of 280 nm (4.4 ev), with a maximum, at alboit 25 T.1i (ý.05 v) e Fig.
31). As the temperature is rvduned, the internsi.y of the pfotocuminescence
band in the region of 280 nrir (4.4 ev) rises, but decreoses ir. the 400 r. n
region (3.1 ev) (Fig. '2). '."on percent polari-zation. of photolumineseei~cc
and the absence of a maximum in the 240 nm region (5.2 ev) in t, excita-
ti:.:, spectrum of photoconductivity indicateo the intracenter nature of
this luminescence. The difaf2orene in the -.ixi-_a of the absorption dpef.;Lra,
th.e arbitrary ratio of intensities of the 400 an( 28C n (3.1 and 4.4 ev)
photoluminescence bandiu for differe:.t sarplcs at thi -wj e temperature, and
the chan,.;e in the position of the abnorptior, band at about 240 r-2 (5.2 ev) I
in different initial aamples indicate that a uiatinut center is responsible
for each of the photoluminescence 'ba'ids 400 and 280 nm (5., and 4.4 cv).
Sjince these emission bands also appeýar in the x-ray lu:.:iriecenc, spectrum,
and with the sane temperature dependence, we can conclude that the centeTs
participate in the recombination annihilation of nonequilibrium carrie;3.

It was not possible to obtain photoluminescence bands 940, 500, and
/A4O nm (2.5, 2.5, and 2.8 ev) foi excitation from 410 to 2i0 ni (from 3 to
6 ev). ,ince these bands are pr,.sent in the x-ray lun.inus-ence apectra of
all quartz glasseb and have the same temperature pattern, 'Ne can. Lunsarr
that this luminescencL arises vla the annihilation of elementary electronic
:jxcitations in the glass network.

sren quartz glas., containing; an impurity cr lattice imperfectioni is

jrrridibtrtw, some of the nonequilibrium carrier.' are captured by deep traps
(colror cm,,ters can for::.), and some, especially at low teuiperatures, by
tn•llow tripti. Shallow traps can, with a reduction in the irradiation
terrtcr ,re:, either increase or reduce thei effectjvoneas of color ceneor
forma1.r' on. If' tho traps begin to captie, noneoquiJibrium carriers of the
,3ame nize which on being caiptured by deep traps form color centers, tho
effectiverleau of th" forma'.ion )f the centers is reduced, arid ii, contrast,
if t~ t�,,taj•n (,iW;, cuOiUXriern ,,.. the oppfsite sig n, that is, tho.e that
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Fig. 35. Spectra of quartz glasses

b-- KI
1 -- x-ray luminescence (50 kv, 20

ma), T = 1200 K

2 -- beat-stimulated luminescence,
T 1400 K

3 -- photoluminescence (for KV glass,
T . 115 0 K, for KI glhas -- T -1 830 K)

KI: A -- Intensity in relative units
B -- Photon energy in ev

HNof?..reffut I Af

Fig. 34. Luminescence
intensity of KV quartz

gla*ss
1 -- as a function of

electron enerkV
for a current of
2 pa

2 -- as a function of
proton energy at
ib current of 0.4 •t

KEY: A -- lntensity in relative units
B -- Voltage in Xv

__ _ I



4 4-

IV-~ I - .

Fig. L5. tuminescence intcnsity cr XV
glass at a function of bean strength
a -- 19" key cleutrons
b -- 185 key protrns
K•Y: A Intensity in relative unitz

b-- Current in pa

break dov.r the color centers formed, the effectiveness of tije formation of
these centers rises. In either case, the existence of shallow traps leads
to the fact that at the appropriate tenmerature when traps begin to capture
carriers the effectiveness of color center formation and breakdown will
v. ry.

It was sho'wn that thermal luminescence induced when charged carriers
are free from shallow traps in recombinational in nature and its spectral
composition coincides with the spectrumr of x-ray luminescence at the corres-
ponding terperature (Fig. 33). It is natural to anticipate a similar effect
also for other methods of liberating carriers, for example, in the optical
decolorizing of color centers.

Exposure of quartz glassen colored at 1000 K to light at a wavelength
of 575 nrii (2.15 ev) causes decolorit;ing of the 540 and 520 nm absorption
bands (2.3 and 3.9 ev) (of. Fig. 30) and the luminebcence bands in the 500-
250 nm retion (2.5-5 ev) (of. Fiig. 29). AB to be expected, with increasing
breakdown of' color centers the intensity of recombination luminescence also
falls off.

For practical purposes, the deptendence of luminescence intensity on
Oxcita',ion conditions is of high interest, We studied the effect of enera'
an well an intensity of the exciting beam on the glow intensity of quartz
jlriss (Figs. '4 and 35). 1Wminsncc.nce was excited by a beam of protons or
(1 ,.ctronn iyn the device shown in thei otudy• [46]. In both cases, a 1ineur
fur•cti-,i was observed. When luminescence was excited with protono ci'
elur~tronrn, the difference between the glow intensity of differenit types of

quartz glasses iu not substantial.
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795-- -95O
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3. Luminescence of Commercial-composition Glasses

Luminescence of commercial-conzposition glasses at different tempera-
tures and therefore different kinds of excitation iu of practical value,
accounting for the possibility of using a given glass in particular optical
systems.

Photoluminescence

Fig. 56 presents photoluminesoence spectra of the optical glanses K-8,
K-108, and K-208 excited by ultraviolet irradiation at 96, 293, and 3950 K.
AB we can see, the glow intpnsity of the glaases K-108 and K-206 at all
excitation temperatures is much higher than Lhe (,"lo'., intensity of K-8 6',:.
This can be explained by the fa;t that these Classes contain cerium ",on
which function as a luminescence activator. The glow intensity of K-208
als-39 at 960 x (Fig. 36, E%) 4, atbout x timco umallur th'an fur X--_1O~r glaF
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ai2:i ar r~.•io ,•f i&::,.irPs•,,ch, inter-,ity is obs,_rv,.d a!Lo LIt 299' 'Y (Fi"
I,) Aa, 5 K(. 36 c). The decrease i.: thc 61cw iTtc,.osty of K-20o

*-Iass containing CeO 2 is four times greater than for K-106 ilass,

which is due to the concentration quenching of luminescence caused by the

increased cerium ion content in the glass. We know that at a CeO2 concen-

tratiori of about 1 percent by weight, ar. abrupt decrease in the luminescence
yield-, sets in.

The luminescence color of glasses K-108 and K-208 is blue. A well-
pronounced luminescence maximum at all excitaiion temperaturea lies in
the 400 nm region (3.1 ev).

The luminescence spectrum of K-8 glass characterized by a wide band.
The luminescence maxiLrm at 960 K is skewed somewhat to the short-wave
spectral region. The low lu;nineocenoe intensity of this glaiss when excited
with ligtt at wavelength of 510 nm (4 ev) is evidently accounted for the
high pu.,ity of .,,c materials used in optical glass-making, ana. by the
pre-enc- of a Iaxge a&_ount of alkalis ana boron trioxide, which lead to
an appreciaule drop -_-. the luminescence Yield. Also, w"c ust note that
some of the lon,ý--rave •ecrease in the fundamental band of K-6 glass lies
in the 260 -1 reion (4.8 ev). Thi. glass transmits up to 50 percent of
light alt the 510 nm wavelength (4 ev), also leading to a reduced luminescence
yield.

:r, g _seL a:- well az in crysluis, phoLoluminescence is much intensi-
fled ars thb temper-.tur: ic lov-cred and d&creases with temperature rise

F. . iC. 36). The cause of t:-is weake:dng of luminescence with tempera-
ture rise can be readily understood, since the stronger the thermal motion
of surroundint atoms, the higher ic probability of second-order collisions
and energy dissipation.

X-ray luminescence

X-ray lurirvinscence soectra, o the .. ;lao•ou K-108 au K-206 (Fi•-. 37) at
96, 295, and 585' K are characterized by one broad band with a well-defined
maximum in the 4o0h inc. region (0.i ev). 'No blurred luminescorce maxima ure
obscrved for K-8 ]riss in the regions of 400 an( 480nro (".1 and 2.1 ev)
at un excitation temperatuire of 2ýb5' K.

The intenoi ty of x-ru, lumirtescenue of :;lasses, jiust ;As for ploto-
lumineicen.v-, incrceaLso wJith temperature' drop and deci.:aaseo with tempera-
turo' ririr.

compari-lon of the, apr:tra of pfi9to- in*d x-ray luminescence At t,he
•.i:e ',,.pseratuL:,Li i- of us:qufL;ti.Ae(d interest.. Thun, the nature of the
spe,;tra of x-ray atd ph,,toluminc':cence of the radiation-resistant C].asnies
4-I.OU &nd K-206 i3 practically the same, since it iF ri.nly t-oc.: rui

r .... .aj.- the source of luminescence for these glasses. 7he appearanue

:1 "1 I I I I I I I I I I I I I I'1 I I II
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Fig. 37. X-ray lum:inescence spectra of -lasses
at listed toriperutures

a -- K6) K
b -- 29,o X
c -- x850 K
1 -- K-8
2 -- K-208
3 -- K-108
KL iY A -- Intensity in relutive units

B -- Wavelength in nm

TABUE 16. 111UGRAL G•AF-LUMINESCENCE

Il 1HT'rrpla~bja r 3-Ai-aK)•4iccueltAq U CTH. CA. flpfl
I I f Ii IpInCp4TYpC 9 'K

77 310

6 3,5
K-108 7 4
K-208 3 3

3 JMK. 3 3
4 JK.105 15 ,5

t•Y: I O.lais grade
2 -- Integral &hmma-lurnineecenae in relative

units at listed temperature, in i K

4 -- L-105
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oa rs ed ;•imu in the 486 nm region in ;.r x-ray luinescenc 9petrid:i
o -8 glass can be attributec to ce'itprs form(eu. in the glasses wien the•°
are irradiated with x-ray3 during luminescencu -"citatioi. !+' apearance
of this luminescence maximum at )850 }Y can be explained from t:.e fact that
with a temperature rise these centers either do not form or else are imme-
6iately broken down nonradiatively through therpal annealing,

Iamma-lumine scence

The lumrinescence of glasses when exposed to gamma-rays is very slight.
therefore no spectral distribution of gamma-luminescence has been recorded.
atble 16 gives the data of integral gamma-luminescence at 77 and 3100 K.

Invertigation of the effect that gamma-ray irradiation time has on
the luminescence intensity yielded the following general property for the
glasses studied. The build-up of radiolutainescence consists of two compo-
nents: a rapid component with a rise time of less than 1 sec, followed by
a relatively slowly increasing component.

The luminescence intensity of glasses as functions of the gamma-ray
irradiation time is given in Fig. 58. As we see from Fig. 58 a-d, for the
glasses K-8, K-108, K-208, and LK-105 initially a rapid rice in the intensity
of gamma-luminescence is observed in the initial period of radiation, and
then the rate of intensity increasealows down. This is particularly evident
at 770 K.

S'iabiAization of the intensity of gamma-luminescence for glasseL, of
different compositions is attained after different time periods. ' C,10
in temperature to 3100 K leads to lowered intensity of luminescence in the
glasses K-8, K-108, and K-208 (Figs. 58 a, b, and c).

In glasses of grades LK-105 and LK-5, a variation in the irrad'ation
temperature results in virtually no change in the intensity of radiolumi-
nescence (Fig. 38 d and e).

4. Effect of Heat Theatmeht on the LAlminescence of Classaes

Invest.3.gazion of the effect of the thermal prchistory of the glass on
its photoluminescenoe is of interest in studying the extent of its defect
status.

Owing to the limited study [47-49] of the heat-treatment dependence
of the luminoncence of glasses, investigations of the effect that stabilizing
tUe otructure of a glass duzing extended annealing and also fixation of
hitgh-trfmperature structure with inten3ive hardening have on photolumines-
cence taken on a certain significance. The authors of [50] K-Y commer-
cial borosilicate glass (Fig. 39 a) and ITP commercial silicate glass
obtained by continuous rolling (Fig. 59 b). lbe long-term annealing regime

- 90



a)

L~

tA I ..; ... ,.-

2 2

A0  5 10 IS 20 0 5 10 15 20
gpeMa 5AU B e WU J9

d)

V2 J'.

lpowin glsses

0 $- 15 20

A B

iig-. 3. A m-nt(ensite irntreSity as a function
of' irradiiction time usintg L-afrira-r~iA.s Of the fo).-

lC~wing, glasses
a R --8
b -- -108
c -- -208
d -- LK-105
e -K- LC5
1 -77 0 KX
2 3- 100 K
KEYs A -- Intensity in relative units

B -- Timie in nintuteE&

is determined by the upper and lower boundaries of the annealing zones of
the test glasses and is 830 and 6600 K. The thermostatting time was 25,
50, 100, and 200 hoars. The extent of air hardening was about 0.5 N/cm,
and 2.2 N/cm -- for hardening in liquid. Photoluminescence was excited
with glase at wavelength of 310 mm (4 ev).

Thus tie can see from Fig. 39 b, the luminescence spectra of NP glass
:namples consist of %wo bands with maxima in the regions of 410-420 and500 nm (3-2.95 and 2.5 ev). The positiounofthe luminescence bands does not
depend on the heat-treatment conditions, but their intensity changes
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Fi. 79. PhotolumirwifScere sp( ctri.
a -- Kf E-8 glass
b -- of NP glass
I -- initial sample
2 -- heat treatmint at 930o K, 25 hours
3-- heat treatment at 6600 K, 100 hours
4 -- hardened sample (2.2 N/cm)
KEY: A -- Intensity in relative units

-- Wavelength in nm

markedly. Samples subject to hardening (Fig. 59, curves 4) have the lowest
luminescence intensity. Samples kept at 6600 K foz 100 hours (curves 5)
have the strongest luminescence.

In comparing these data, we must note that the effect of increased
luminescence intensity after long-term heat treatment is much less pro-
nounced in K-8 glass than in N? glass. The effect of reduced luminescence
-ovel upon hardening is, conversely, expressed much more strongly in K-8
glass than in NP glass. This effect evidently can be accounted for by the
effect that K-8 optical glass during production unaerwent mild annealing
and its structure in the initial specimen was stabilized already to a
large extent.
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These --lass tljor:,a1 prehimt.'ry f;,netoionn of the intennity of photo-
luminescence can b.,. interpreted from the standpoint of ordering of thr.
glass structure when it undergoor oxtrnded annoaling [';i], which lueds to
a rise in the intensity of luminescence in accordance with known data [47]
on the strong luminescence of crystalline materials compared with glasses
of the same composition. In hirdened glasses with fixed high-temperature
structure, the near-rang-e o':Ier and tne first coordination sphere is much
more strongly violated than iiL annealed glasses, which evidently provides
the major prerequisites for converting excitation enerLr into the eneri".
of thermal oscillations, bringing about a strong drop in the luminescence
level.

5. liuminescing Glasses

Luminescing glasses have found wide use as luminescent screens, in
laser equipment, and so on.

Luminescing glasses containing uranium as an activator have been
closely studied [52-55]. From a comparison of the omission spectra of
uranium solutions and uranium g.lasses, it follows that glass spectra have
a finer structure and greater intensity. This is due to the smaller pola-
rizing influeo.ce of ions surrounding the luminescence centers in glass.

In most investi•,ations of the luminescence of uranium-containing,1aiases, reference is ,ade to the hiiil irten:;;ity1,- their eLiz'ion. Icw-

ever, a study [541 showed That in far from all com~positions iz uranium
gencrally capable of luminescing, without even citing the fact that the
luminescence brightness and yield fluctuate within very wide limits, de-
pending on composition.

The main reason for this is that uranium is an element with variable
valency. Of uranium compounds, only the hoxavalent uranium ion, more
exactly the uranyl group U02 +, is capable of luminescing. Study of 'the
luminescence of uranyl glasses made it possible to obtain under production
conditions glasses with a luminescence yield of 50-60 percent.

A ver-y int.resting ob.4ect of atudy has beer, '0,Lr.uncse-containing
,laasses [56]. Manganese is one of the very widespread activators of crystal
phosphors. On beinC added to a material w:ith a different crystal structure,
the •,anganese ion, depending on the position it occupies in the crystal
lattice, is capable of producing luminescence in two color.,, namely green
and orange-red [57]. Thus, the luminescence of silicate glasses is green,
while that of borate and phosphate glasses is red. Initially several
investigators [58] were of the opinion that th- different luminescence
color was duo to the different valency of tho .nnan6enn:e ions. However,
at tresen t can be regarded sa established that either t pe of luminen-
cence is accounted for only by ions of divalent mannese .[9].
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3op,,e: i. ahoo a common lumineoc,2nce activator in inorganic cry..t.i

phospho.'0 +9-62". Evidently, in jlass copper czrn exist in three valerncy
states; + Cu1÷, O. Glasses are known in whicr copper is present as
the metal, foc example, copper ruby. Thne luminescei:ce of glasses and
crystals activated with copper can vary from blue to orange [60-653. In
several cases glasses or crystals activated with copper have brief lumi-
nescence; sometimes, in contrast, the lumine3cence time is measured in
hours [61, 62, 66]. To obtain glasses with bright luminescence upon
exposure to x-ray and gamma-radiation, silicate glasses activated with
copper are used, for example, BS-13 glass.

Luminescin;: glasses activated with trivalen. chromium have not found
practical use owing to the strong temperature dependence of luminescence.
Only glasses containing t•ivalent chromium luminesce.

Among luminescing glasses, speci•al prominence is shown by glasses

activated by rare-earth elements 157]. 'he widest practical use has been
found for glasses activated with neodymium, as beir4; the most promising
lor laser construction. Their spectral, luminescent and generating
charancteristics have been studied in several Soviet t5), 67-741 and foreit.-
[75-96] works. At the present industry uses only neodyjilum as an -ctivator
in making glasses for lasers. The compositions of gla.sses and their cha-
racteristics are given in the work [57J.

Glasses activated with neodymium are colored the ca::'.,tristic lilac.
The most intense bands are in the regions of 580, . u, iOu, and 900 mm
[57, 91, 97, 98]. Upon excitation, infrarea. luminr.scenrce is observed in
any of these bands. Characteristic of these glasses is a luminescenoe
quantum yield of about 40 percent.

Glasses activated with praseodymium [57] are colored gzen. The most
intense luminescence is shown by silicate glasses. The luminescence inten-
sity drops off in the transition to phosphate and borate glasses. Varia-
tion in the redox conditions of digestion has no appreciable effect on
the luminescence of praseodymium-containing glasses. An increase in the
praseodymium concentration in a glass leads to a higher intenr.ty of lumi-
nescent bandse

Glasbes activated with samarium [57, 69, 99, 100] are weakly yellow.
Upon excitation with ultraviolet rays, oran6e luminescence is induced.
Increasing the samarium concentration up to 10 percent leads to an increase
in luminescence intensity without quenching.

The luminescence of glasses activated with ceri'um depends on the
valency state of cerium [57, 97, 101, 102]. Only glasses containing ions
of trivalent cerium luminesce. The absorption bands of trivalent cerium
are in the region 310-520 nm (5.9-4 cv) [101, 105]. Upon excitation,

blue luminescence in the form of a broad Land is iriduc')a in these bands.
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.urcO'Aum cx a., i irk Classe's in two; 'ltates; ot O]Wtop.: in- tte
di- and trivalent states. Glasses a:tivatec with trivalent europium are

o,: orsý. Ultraviolet irradiation causes red luuinescence. Glasses
activate- with divalent europium exhibit blue lumini ce-jnce in the region
423-440 na (2.8--3.05 ev) [57, 69, 104_106].

1Gasses containing gdolinium are colorless. Borate, phosphate, and
sikicate glasses containing 10 percent gadolinium, when excited with light
•t a wavelengTh of 30ý nr (4.1 ev), have a luminescence maximum in the
regism 311 nm (4 ev) 157].

Glasses activated with terbium and erbium, when excited with ultra-
violet rays, produce Lreen luminescence. 'When special pumpig methods are
used, these glasses generate at room temperature [57].

G lasse.v cortsiring( dyspro;iumr are colored weakly yellow. UltravJolet
radiation causes yellow luminescence. With increase in the dysprcsium
concentration from 0.1 to 10 p-crcont by weight, the luminescence spectrum
remains practically unchanged [57].

Glasses containing gall.ium and ,t terbium exhibit luminescence in the
infrared spectral region Z5/.
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CHAPTER SEVEN

RESONANCE ABSORPTION OF GLASSES A1M PYlOCZRAJICS

in most glasses the electron paramagnetic resonance (EPUR) signal is
absent if the glasses have rnot been exposed to ionizing radiution. An
exception is found in certain glasses containing paramagnetic ions.

The EPR signal is detected virtually in all glasses after they have
"been irradiated, which is due to the appearance of unpaired electrons.

1. Problems in the Theory of Electron Paramagnetic Resonance

(>wing to the exceptionally high sensitivity, well developed theory,
and relative simplicity of interpreting results, the electron paramagnetic
resonance method has found wide application in investigating material in
the free-radical state or in detecting free radicals forming due to diffa.!-
ent, exposure of a material. Most often the EPR method is employed to
detect the free radical state in an irradiated substance. The irradiation
of a material is accompanied by the manifestation of unpaired electrons.
A systerm -- a molecule or part of a molecule with an unpaired electron in
molecular orbit or in the outermost atomic orbit - is called a free
radical. It is precisely the presence of an unpaired electron that is
responsible for the use of EPR method.

Underlying the EPR method is the Zeeman effect: this effect amounts to
the following - when an external constant magnetic field is applied on
Sparamagnetic particle with quantur., number 3, its ground level is split
into 2S + 1 sublevels. The enercj difference between these sublpvelz is

AE =. galil,

whr'rr. 1i is the intenoJity of the external fild; f is Bohr's magneton;
and ij is the spectroscopic splitting factor [(-factor].

Since in the simplest case a free radical is characterized by a total
spin Sz = I, Zeeman levels are induced in the magnetic field (Fig. 40).
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&bvlr'uay, in tlne ruse of A free electron tihe t-factor ir rou••l, 2, more
precisely, g = 2.0023.

If we assume that H = 3000 oersted, then i - 0.5 cm- '_'he level
populations differ and are governed by the Boltzmann distribution. At
ordinary temperatures for our case, level populitions differ only slightly
(0.2 percent) and arein equilibrium. Therefore, there is a constant ex-
change of spins between levels, and the population of the lower level will
be 0.2 percent lar&gr.

_Y c.;' 1-_V

Fie. 40. Arran,;ement of energy levels
of one unpaired e~.octron

If a sample is placed in an alternating matnetic field with frequency
Y, then given the condition hv = gPH, some of the electrons from the

lower level pass into the upper. This transition is associated with the
expenditure of energy. From the upper level some of the electrons move
to the lower level, which is accompanied by the release of energy. How-
ever, owing to the Boltzmann distribution, the transition of electrons by
energy levels from upper to lower is less probable than from lower to
upper. The probability of this transition rises with decrease in tempera-
ture.

If a high-frequency ?lectrical field with the orientation of the

magnetic vector perpPea±..ular to the cnnstant field and with frequency
2) - g9H/h is ;.pplied to the paramagnetic specimen placed in a constant

magnetic field, che level populations tend to become equalized. However,
complete equalizing cf populations doee not take place, since an electron
can give off energy and pass from the upper level to the lower.

The EFR spectrum is characterized by the following main parameters:
the g-factor, the splitting of electronic levels, ultrafine splitting, and
resonance line width, Ultrafine splitting of the lines of electron spin
resonance is due to the interaction of the magnetic moment of the unpaired
electron and the magnetic moment of the nucleus. The width of the line
if; due to different interactions: dipole, spin-dipole, spin-lattice, and
exchange.

The EPR method has proven highly effective in studying irradiated
glasses, though as will be shown below, special conditions can arise in
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which thip. method proves unsuitable. We muit note that glass by virtue of
its characteristics (high viscosity, isotropicitd, ard so on) is an excep-
tional object for study of paramagnetic resonance.

As we know, during irradiation paramagnetio centers of two types are
induced: F-centers, that is, electrons localized at negative ion vacancies,
and V-centers - holes localized at atoms with smallest affinity for the
electron.

Experiment and theory show that even though the g-factor of irradiated
material is determined by the free radical state, that is, it is close to
2, still for F-centers the g-factor is somewhat lower, and for V-centers
- somewhat higher than 2.

A great deal of information on the nature of centers -- defects arising
upon irradiation -- can be obtained by comparing the results of radiospectro-
scopic and spectroscopic studies of glasses, though a unique solution rela-
tive to identifying color centers and paramagnetic centers usually encoun-
ters a number of difficulties.

Nuamerous oxides usually included in glass compositions, and also cer-
tain systems of glosses and ixidividual glasses and sometimes even unknown
composition have beun iniestigated by the EPR method.

2. Spectra of Electron Paramagnetic Resonance of Crystalline and Iised
Quartz

The irradiation of quartz with gamma-rays leads to the initiation of
EPR signals [i, 2], which correlate with the optical absorption bands.
Thus, a signal with g - 2.0006 correlates with the band whose maximum lies
in the 210 nm region (5.9 ev), and signals with g = 2.0007 and, 2.0009
correlate with the 230 nm band (5.4 ev). The presence of a Siz" isotope
leads to splitting of the signal with g - 2.00. A triplet is observed in-
stead of a singlet. This indicates that the signal was produced by an elec-
tron localized at silicon [3]. Griffiths and O'Brien [4, 5], studying mono-
crystalline quartz irradiated with x-rays, detected two lines with g =
2.06 and g - 2.00. The ultrafine structure is due to the presence of an
aluminum impurity. The inteneity of the EPR signal causin splitting into
six components is proportional to the amount of aluminum f4, 5]. The
six-component structure of this signal disappears when the amount of sodium
in the glass is increased.

Investigation of resonance absorptiop in grade KI and KV quartz glasses
irradiated with electrons at a dose of 109 r showed that in addition to the
common resonarnce line with g - 2.00, the EPR spectra also show an appre-
ciable difference,

In a report by Sidorov and Tyui.'kin [6], EPR spectra of fused quartz
irradiated with gamma-rays at a dose of 107 r were studied. The fused
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Fig. 41. EPR spectra of' glasses irragiated with ••
10 Mev electrons at dose of 10• r

a -- IN glass- :
1 g - 2.00
2--ga 1.98
b KI glass3
1 -- g - 2. 00
2 = 2.01

KEYS A-- 32 oerstede

Fig.i2.41spectr of gs r r o e Y

glass irradiated with 10 Mev
electrons at a dose of 106 r

at the temperature of liquid
nitrogen

KEY: A 32 oersteds

2199-9
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quar- snpecrum at a relati'-c nrrrcw asyaire:.vic Aine, typica-i of -rn(
c-.act..-. 1 orionc(o rcrntera 'st[ axi;-il :-ym:nctry. The wekli-esolved

structure of tzis line enabled the author. to deterririne 6, and :.i of

thlis center, which were found to be t; 2.002, an;i . 2.000, which

agree-, with -Il - 2.0022 + 0.0001 and gj_ a 2,0006 t 0.0001 obtained for

crystýlline quartz [7]. This shows that centers initiated in fused
and ct'ystilline quartz after irradiation are of the same kind.

A previously unknown doublet with g - 1.08 and a splittinL. constant
of '150 oersteds (Fig. 41 a) was detected in KV glass proauced in hydrogen
flaEie. KI glass which has coloring in the visible spectral region after
itradiatior has a broad signp.1 with g - 2.01 (Fig. 41 b), which at liqu•d
nitrogen temperature splits into six components (Fig. 42). This shows the
interaction of the unpaired eloctron with the nucleus whose splnr. is 5/2
(properly, with the nucleus of aluminum).

Th•e doublet found (cf. Fite. 41 a) can be caused by the paramagnetic
center associated with hydroxyl, though th, splitting constant differs
fror. the value given ii- the work [L8. This differen.:e car, be explained
by the effect of the matrix1 just as we know in the case of the EPR spec-
tra of nitrogen radicals [91. Possibly, the signal is caused not by an-I
OH. group. but by a Si-OH Croap. In this case the reduction in splitting
compared with atomic hydroge-n (t05 oczzteds) can be counred for by the
cffect of OH bonding.

•. Spectra of Electron Paramagnetic Rlesonance of Silicate Glasses

Van Wieringen and Kats [sic] [10] detected two absorption lines in

a simple glass with the composition Nan2  • 2SiO2 - One line with g - 1.96-

-1.97 is &scribed to the electron captured at the alkali metal ion, and
the other line with g - 2.01 -- to the presence in the system of a whole
at the terminal, nonbridginý, oxygen atom. This structure was ohtained
in sodium silicate g9asses L11], and also in the work [1L] when a study
was made of a glass with composition Si02 . I0 enriched -with Si.2 9

isotope, but was nkt detected in lithium silicate glasses [6].

The work [11] showed that if quartz glass after irradiation produces
a very narrow FOR band with g - 2, then upon the transition to sodium
silicate glasses one more band is produocd with g > 2, and on attainment
of composition corresponding to sodium disilicate, the band typical of
quartz glass disappears totally and only the band with g - 2.01 typical
of sodium silicate glass remains. By the authors' assertion, localization
of an unpaired electron occurs at silicon. 'When the concentration of the
alkali oxide is increased in the glass, the relative proportion of capture
centers typical of quartz becomes less and disappears entirely at the
composition I- 2 0 2Si02, while the proportion of paramagnetic centers

typical of the disilicateattains a large value in this case.
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Glasses of the system Na 2 O-B 0 3iO have a very complicated spectrum,
2 23 2

therefore adding silicon oxide appreciably complicates the pictures para-
magnetic centers typical of By0 5 appear. By comparing data from optical

spec:tra and 'PR spectra, the authors concluded that not all iactors respon-
sible for supplementary absorption bands can be detected by the EPR method.

SAdding aluminum oxide to a glass leads to a very interesting pattern

L121. The authors studied sodium aluminum silicate glasses irradiated
with x-rays and with neutrons and detected spectra of two typest the first
type c3nsists of six equidistant, partially resolved lines with spacings
of 8.! oersteds; the second type is an asymmetric line with &H = 18 oers-
teds, The last spectrum appears after the specimen has been heated to
3500 C; here the resonance line of the first type disappears. It is
assumed that the first type of resonance curve is caused by a hole captured
by " bridging oxygen which is bonded to an impurity aluminum ion. The
second type is associated with a hole at a nonbridging oxygen. Measurement
of the dependence of the EPR line intensity on the Al2 0 content in glass

snows that impurity aluminum ions, forming the groups [A10 4 ] can cause

norbriduing oxygen ions to appear. Only a broad line is observed in
sodium aluuirLum silicate glasses. Nonbridging oxygen ions with holes
localized at these ions are caused by the presence of Na2 0. Irradiating - -r

glasses with neutrons causes the additional narrow intense line produced
by electrons captured by the silica framework to appear.

Investigations of litiiium aluminuri silicate glasses 13S] showed the
presence of two types of hole centers; the first type amounts to a hole
localized at the terminal, nonbridging, oxygen atom bound to a silica
atom, and the second consists of a hole localized at an oxygen atom bound
to an aluminum atom. In glasses with Li 2 O:A1 2 05 - 1, only centers of

the second type are present.

Glasses with composition 4SiO2 -Na20 . 0.5?ex0 or O25Mex0 have
primarily an EPR spectrum of two types [14]. Glasses containing Li 2 0 and

oxides of rare earth have spectra consisting of two componentst narrow
(,AH a 10 oersteds) with g 2.0087 _.0.0005 and wide (AH x 56 oersteds
with g - 1 .9587). Very similar to the spectra is the spectrum of
glao;s containing La2 03. Glasses with composition 4SiO2 * Na2O • 0.25B2 03

and 45i02 * Na2O •O.25A1 2 03 have similar spectra, but with a narrower

cormponent at g 2.0023 (6H - 26 oersteds). Even less absorption at
j; 2,002•' .; shown by glasses containing SnO, ZrO2, and CdO (Table 17).

We can c]aasify in the second group glasses containing PbO, Nb205 , Ge0 2 ,

LnO2 , ar , In2 05 , and which have, for ý;-.-22.0025, very limited absorption

or nonf at &11.
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''ABLe" 17 * i;- ;YX?, A A 6P~ E '4iTli Tfl- Gi.
P-j7](jI 4L~iO,, Na,,U 0 .'

COCTEII CTL'MOJI -3 M1I...3, ~ 4.
____AlII 91__ __ _ _ _ - -all, f.

4S.:02 : N,,.O ,M~g0 12. 2,01:0 61,5 1-9000
4si02 Nu,~0,F5Ca0,9 2,0082 58.2 199
4SOD Ni;0.0,5SrO 11912,008U 53,5 ,L)
'I',i()2: Na,0 .0,511a0 9,110 2,00)2 50 '5 1X.986
4S-t()j* 14.0272 0,75 2,0082 58,1 1.9-572
WN ~.O-025-,O 15.30 2,00M2 61,2 1,9IWO

.4Ni i.. -0,25B.~0, 13.00 2.0073 2)6,0 1 04

1) ,,,i:00.2lAiOA 10,70 2,0082 26,0 I,V-S4
N';il.0 -0,u./r0l 13,8 2,0078 23.0 A.9720

4hf)a N i0, 0,7/;;O 13,0 j2,008~2 22,9 J .OSGO6
v"02 -C) 05A0 I13,0 I2,0073 12225 1.08S97

'liO 0 -0,5(-, 9,95 2,0082 7,65 1 .,99 89
iO. C)0 1O 9" 2,01,10 10,70 1,.998U

4'1-0 N iý C,5)()1hO 19, 8 2,0120 - -

4O Na.0 0.251,.-03 13.b 2,0073 - -

'ISiUj -N120 0,2NbO6 10,3 2,0082

1-ý Gl(;ass rnf)Po)Ei 6.ioi
2-Ab~orptiori line

-- narrow

4 -wide

-N ll ~c iJc oQOupied r~ ;fl otairnjn arsenic bawl antim~ony.

'!Iaracteristic of the first is a highly cor,;pJex EPR spectrum consisting of
five abcorpti,,n ban~ds, with 4% 18. 35 oers teds at e - 2.0160, H I2 w 6.12

oeistedo at L 2.0054, AH-, = 6.5 ert'd at g -1 .9068, dH 10.7

oorstods at u - 1.9551, and i5 7.65ý 9vrsteds at 1 .)000, A gla3aJ

wi) comnponition 453i0 2 - 1 2 0 0.25")b 2 U ohow3 practically no reson~ance

arjaorfltion in theiý g-factor reCion otudied.

4. .;-pectra of LJlectrorn Pararnagrietic iebc,,anlce of Borate and Phosphate

Wt!e 01'~ii I)CI b;tl- 1-1415,73 irr~n~Ijnd withi g1amma-rayr has slharp
r(.rJc~n,;Anr.o uhb;orp Ttion li~j. ',j at 2, 'u1 cu 1 'it in; four comlponri-n t,u -,J ulti%

:Atrue~Ai"f Lo 0hC inlitial lU Iici( (If It . , 4J'*r'ttVii I('i110O Ct fl-O'Ii !All C)xyjý.fL

-AomI withA the nuaclus r(' P !11 wlidifi hiian o ntuoleIir Opin I u~2~ j

Th(,! work [11] stud ir-d two tye~of j i;: preparea f'rom boric azu~-jj
dr ird. Onc- was obtained from naoturalJ bor-on oxide; B 2 03 enriched with
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iec• 1; u;, , i t, %. f,,k i , L .... . . ;rk: 'I I,(L..I
vi, Octron loca aiLed at boron antr, therofort., Tnh, cohple- Y'.,.. ol" t:.t: '.Ipetrulni
is duo to the fully resolved ultrafirn, structure.

dka li-borate :tlasses irradiated with garja-ri-ys at ai uone of
5 • 106 r [15] yield a signal somewhat distinct fro,. the signal of pure
fuctes boric anhydride and ito occurrence is ascribed to the unpiruc elec-
tron of the alkali nietal. The difference is that tbc cxile;:+ ;:xicum
aisappears, with simultaneous deterioration of the resolution of all tne
remainint., components [11]. It is assumed that the electron in the glasses
is localized at boron and that the spectrum is caused by the incompletely
resolived ultrafinc structure that results from the free electron inter-
actin6 with the boron atom'. Introducing an alkali oxide modifies the
coordination of boron from ternary to quaternary or at least increases
Ohe proportion of -04 6groups. Owing to the different spin-orbital inter-

action of electron with the nucleus of three- and four-coordinated bororl,
the EPR lines are somewhat aisplaeed relative to g - 2.

Karapetyan and Yudin [it] investieated the system Me 0 • 205) wiiere

Me - 0.5 Na 2 0, 0.11 ZnO, and 0.5 Oý0. The spectrum of t.-ese 61asses
• (on.,ista of two lines with L,: ultrafi.ie structure resulting from the inter-
action of an unpaired ePectrcu• with the P5 1 nucleus, which has a nuclear
zPin T.- . T',.e irrs•i',- the E'"M. trLAm depenrId on the phoLphate
ctontent and the gamma-irradiation dose. The g-factor is 2.01 t 0.004, and
t?,e ultrafine splitting constant is 41 oersteds.

Based on a detailec examination of the mocels of phosphate glasses,
the authors concluded that the electron capture centers in these glasses
are [P04 ] groups, and not oxygen vacancies near all-±i ions, as was earlier
a-•sume d.

5. Kinetics of the Breakdown of Paramaenetic Centers

Ubersfeld [17], inveý'tigatingr a good many Llasses (Pyrex, boro.-ilicate
c;rown, light flint, and so on) irradiated with neutrons and j'amma-raysI
detected an isolated resonance aborption line with g a 2.002 10.005 and
A}! - 45 = 7 oersteds, One year after irradiation he did not find any
(.haw:gr, in thhe number of paramapnetic centers (PMC). Disappearance of PMC
nccur:; only with heating to 2000 C.

'TJ:o PMG br(,akdown kinetics of I.Jlataeri with the composition 41iO,,
?Np(; • 0. M5;.U (0.25Ij'.e .) o rradiat o with gaumma-riiys was !.;iudied rino',

clo~e~y, ~Tuisnri on ri,' spectri recordeu 1, 7, 30, andJ 110 days after irra-
dia tion, 4the parama,-ntic, cernter concentration was calculited (PCA/g).
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60

:a 50

4 ,, 3 0 ' - ' -

•A10 -

0 0 20 3O 0 40 SO 6 70 80 90 100
B ipemi 4 cy/mxax

Fie. 1* . Breiskdown of parama~netic cen,•er.-
with time- for glasses with' the following corn-

pe i tions
4 -- 1'i02 • ,-12" ' 0 . SCaO

4.4 i 02 41; 0.1"n

4--Si 02 •a N20 • 0.-5MgO

4 " 4iO2 N4 N20 • O).5BaO

4S-- 410 2 .Na20 , 0.-5SnO2

7 -- 4ISiC02 •Na O 2 0.SCdo

8 -- 4SiO, Na2 U• 0. 5ir)C

O0- 46102 Il N2 0 . 0.25As 2 0 1
KEY: A -- Concentration of PMG "n Cm"3•i1

B -- Time in days

The ann¢,aling curves (Fig. 43) show that as a rule the rate of anneal-
i~ný, of' paracmajmotic cenaters durirng thle first 7I-10 days is much higher than
in the subsequent annealing period. '.Naturally, for glasses containine
rmaximum number of PIMC the annealing rule during the firijt days i~s veryj high
(g'lasss ono ii,, Gee 2, ;,igO, 1;rU, and Li 20). H1owev'er, the correliation

ic no*., observed for 1ý]asses contuinir.V CaO and BaO in whihol the P1,1(; concen-
tration falls Off' quite monotonely. In L~la.-ser, containine, arsenic, anti-
;..ony/, niobium, ger•mnrium, ana zirconium., annea.]ir)0 of" P14C also r.oceed;.;
in two stage.,;. The PY, G anriealinC curves for Cuse ontaining calcium,
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44'C'A t'0 , T eKAS ( MCHU (,,O - I
4S0O2 -. 0O,25B%0l 0.

4SiO2 Na0 -~ 0,5M.O 0,f.9 0,W)9
4SiO2 \'i. O.O.2SAI,0 1  )08

4~~~0~ .N0fZi( , 0, (,4
S;2 N0..~~02 -0,6O Yt I

4Sý02 - aO -Z~O 0, .5c 0,0778
ISK2 - Na.0 -0,51i;0 0 , S 0, 05Z0G
4S 102 -Na.-0,-O5ZrO2 0.3 (1100 4
4SiO2 \- O.-0-0,21,M).0 0,.56
4S0 2. N..0CO j I ,5

N ~ ~ ~ ~ 0 007.O ,1)O~~

I'~0 N0 .. 2Sb2O3
4I10 .,NI() \i - 0...'4rjOI 01 '0~
45:02 -Nij 0. 0,25Ia 0,! U.,0
4S$iO, NaO -0,51Pbo 1,17 0,0'.

")YsA- Class cofporiiOltiaf
B3- PMC r~oi.stants whex, glo- anne~aling ii

conductod ar. 1-dalod

-- fast (-InSS tha41 10 '1iAy3
D ,;low ('more than~ 10 dA

ziuinurrar., cadmium, aind zinr, and to -Ales extent for Glass~es ,~onjritanin;
zIoror, havc. no well-defined irjflectioz,.

Tile annpalir.-c on ;turat. of PIAC CaICU2a~ fTo(m c0XpcTiawe-riL4Ljj b ~r
:'0 .. in.Tb. 16. Frow t',io tab~le it is clour trait thje rato' nonct'int1

fnrv zO-caillrd "lrapi~l" anrirealirie of I'MC (e thar 10 day.-) ;ýi ~i rule is
'i2)timit;siri£eater than fr"Slow" mvai (more, ti;tr 10 'Ibyo). T?!c
O'r.t~:.,rof :;1ow arinval~r;L Of OrIHtCcenters arc, apprc'irnatol~ the

sn-v'.' fnr 4;lasses coritairain-- oxides of aluminumi, lithium, carl.miiwn tin,

6. )~'ctroi iararr.LIgfletic ;r0 nr~ pc(,rI;ra r,f Pyroooralnioa

I'yro~er'~r:Kt .roae' 1! 4' zaj; r '' ioi pi-oduce Lill, spec'otra usual) *y
(;oS ;;ti~'of' fir-ver;i 1 .i~nai n * T- :-flO t ty(pj(,aj rpfctral ] irit' or t

I i rz(:2 Wi ti -11 2. 0Yfl ±0.cf) 00", i A 1 0.'- oejvfaids , couued by igii

'' 0 L0i. 1'~, L~t'.i*,,I t' ,~-.o Žc(,% ;ito.. , -irrvi a~ I ine wit) '1 2.009 ;t

0.,005 Wyi Ad 11.5 -1 ;1 o,or:s f,{uj ")ý IA NOI a11 o;iie t LI MA~I-
":Jvi'jc izlu roxjgerl Ellon:. * In a0d i ti. 'M, o'" in w the c~hemica) oor: 1poteitioyn
oýf the -:/ani, - r& 4 - ;ý;- '-, !, 3x' -: OUZCvLU ,whic'u in uin;

pr-npn(f;e of ititan~oit!, ',,I t, 1 .94 1 0.0' an- -Ail T, 5 oerntedz;.
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4))

0) -- --

* 25

Fit;. 44. PcPR spectra rpeorded after irradiation
with a dose of 10 1 rneutrons/cm2

a -- giass IV-23
b - pyroceramio IV-23
1 -- - 2.001

2 -- a 2.009
KEY: A -- 25 oersteds

a)

-3M -- A

Fit'i. 45, 'P pectra of glau (-3) 14rd pyiocerariic
(b) with conposition Li 2O * Al20• 45i02 a 2132u5

irradiated with a dose of 1018 nLutron~icr,
KiYs A -- 30 oerateds
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by c:~ia~ngttc .. f i.-D-"r½i of _I-soses aync: yueaziv IL ,c
cdsejir ~ I 1osn t.ten irja222 tcdSQ WiOtcuaes , w uts't alli ~1

tOtIC ~a~f ý4lC .Ri stg-nals.- for pj)JfOCCVEiEc' [1,6]. Crys tal)1 iz V ion
& f s ir.tensifies the copnet f t.,c 41L rafine spectral Structure,
so revealing the .:pectral s-,ýnctur7! of pyroceramios6 reqjuires a lower
r-adjation dose tUhan for gl-,asses (Fir. 44).

eoside this effect, cevtoir... changes in the spectral s5truc.ture ;-Al.

observed in the trannitior>:; glasses to ngvrocterainicz. For example,
the sijrnai prroluced bvy an e (:-.ctran center (a=2.001 + 0.0002 and A HL
2 ±10.5 oere3ted')', wel&fndin thv ipeotra cOf Dyroc-r<aWICS of2iiu-
andti nsuz-lmn; silIJcate systenms af ter re-actor or 7gamma-rsAy irradt- 4 -
tics, arc abusent in tino initial uncryt Calli~ed o ' ~ At t;(' oaetvtrc

I. ra signal Iac by1 tie &ootron eaptured by thex Ti 1t io v,; - 1.94
± .1and 6.*1H 75 :t 5 ocrsteds)ý, oluse(rved in all titanium-cnntairninC

* lasses, is weakened in pyroceramics iriadi~ited under thi: sme conditions'

xn~er~dinrý on tarp cmii ltions arid,- kind o:' inaitouncr r ooti-I

Lin:sfellows: in tn;tr, ito fr~oia reactor irradiation to irrasdiatin)r;with, a C~ort> zouXcu 1 splitting of T'nia2associated withj the hole, center
is observed now at a radiation dosae of 10 r, while neoutron irradiation;r
produces the same effect only at, int.egn-al beams of' tne order of 10'

neu~trons/on02 (wAhich corresponcis to a dose of 108 r).

Thuic irntensifyinw{ EMh signal of pyvurooemmýicc;, as well as the increaqe
ýn the increment of the optical4 density of transnparenit pyroocramica om
pored with the initial glasses after equal radiation doses, indicates:-
diminished radiation resistance after pyroceramnization.
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CIRAPTITZR EIGHT

EFFECT OF TEMPERAWRJPE ON COLOR CENTEM FORMATION AND BRiEAKWN

-A
Investigating the kinetics of the accumulation of color centers at

different temperatures, '. ir thermal an-nealinc (ther:modccolorizinC) and
accompanying processes (thermal do-excitation, change ir electroconducti-
vlty, and so on) is necessary for a proper understanding of the structure
and mochanism of the formation of centers, to determine their energy para-
meters, and to esta.lish the possible uses of glasses in different static
and dynamic temperature conditions of service. Solectino test compositions

must be determined above all by the task assigned.

Commercial multicomponent glass;es can be investi,-ated only to discover
the possibilities of their service under specific conditions, cince a
complex chemical composition affords virtually no possibilities of reaching
any conclusions on the mechanism of processes occurring in glasses at dif-
ferent temperatures. This purpose requires that we investigate glasses
with simple chemical compositions in which the components are varied. We
must particularly single out quartz glasses, whose study is of interest
both from the standpoint of practical service as well as from the stand-
point of understanding the mechanism of radiation processes.

1. Induced Optical Absorption at Different Irradiation Temperatures

In spite of the considerable interes+ posed by measuring induced
optical absorpticn at different irradiation temperatures, the number of
studies in this field is small, which is evidently accounted for by com-
plcxities of technique. 1The latter are particularly large when we are
concerned with acquiring data at arbit-arily selected temperatures that
are not reference boiling or melting; pnintn of any substance (nitrot;on,
(;arbon dioxiIri, lind so on). Of the work.s dealing with a compurioon of
induced opti.al absorption of gla.ssen irradiated at room temperatures kind
at temperatures clone to the liquid nitrogen temporature, we must take
rote of' studies [1-4]. They described several investigutions of quartz
glasse. [I], boric anhydride I-lasses, and alkali-silicate and allali-
borosilicate glasses [3, 4]. •hen the studies are conducted, of interest
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F.l.. /6. Spectra of induced optical absorptiorn
of quartz glass at different irradiation temper-

atures
t- KV glass

b - KI glass
1 -- 1200 K

5 -" 240° K
4-- 3CO 0 K 1
KZY; A -- Change in optical aensity in cm

B -- Photon energy in ev

is the effect of temperature on the position of the spectral absorption
bands as well as on their intensities.

Quartz glass

In quartz glass irradiation produces bands of supplementar•' optical
abnorption in the regions 220, 240, 500, ana 540 nm (5.7, 5.2, 4.1, and
2.5 ev) (corresponding to the C-, B 2 , -E 1 , and A-bands). At room irradia-

tion temperatures, the 2.5 ev band in glasses melted in the flame of an
oxyFgen-hydrogen torch jo either observed at very large radiation do.;es
or io r-rt observed at all.

Chanc:ing the irradiation temperature fundamentally alters the pattern
observed. KV and KI quartz ilanoes underwent x-ray irradiation on
it UaS-60 uanit tubh, connfairdir; cons;tnnt anticathode J 50 kv, I = 10 m&)

for I hour at ýin irrlia .i t, eepor•4,,o of 120-30) K Curves shoer, in
Yji:. 46 reveal ;evo.rai nl,;.'atir~g cruelatirns. In KI glass a reduction
in tnh irr'.diation tc'r.,, cuuses roducc]d intensit-i -f :rl a'o-Xtior.
bands. an Te maxinun of the . -Land here i; shifted towavrd th04 lont-wave
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Fig. 47. Thermal de-
excitation in the region
of the following; maxima
1 and 3 "" 2.3 ev
2 and 4 - 4.1 ev
.. KV glass

KI glass
sample thickness 1 mm
KEY: A -- Optical density

B - Temperature in
o K

portion of the spectrum from 300 nm (4.1 ev) at 3000 K to 330nm (3.75 ev)
at 1200 K. The minimum intensiticS of the B.- and A-bands are observed
at an irradiation temperatl:re of 110O K. A turther drop in the temperature
ýiown to 120) K sor.cwhat boosts the intensities of these bands.

A sharp intensifyin7 of the induced optical absorption is observed
for 7V glass whci the irradiation temperature is lowered. Even at 2400 K
the A-band absent in the case when irradiation is conducted at 3000 K
iz cbrerved. A further drop in the irradiation temperature intensifies
this band, which becomes much more ijl~tonse at 160 and 120o 11 than in
KI ;liatu the same teuiperatureo. The 1 -band bchavos s.ir.ilarly: its
.inten7,ity, al:;o in ztongly incrcased with a reduction in the irrdiaticn
t.rfrp,rati.re. The maximum of ',his band is leoss distinctl.y displaced for
tho! lrni,,-w•¢av, portion of the spectrum from:1 300 nui (A4.1 ev) at 3000 K to
315 nm (,.95 ev) at 120c K than in KI glass. 71e dependence of tho in-
ten.•ttA(: ofI tuh A- and B-oands in the KI and KV ;,lasses on irradiation
temperature is shnwn in Fit. 47
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""A supnp,eme-tary absorpatin on the tompt.itt:rv cf th, A- and bar.z.

This analog is quite readily observaul, in KI glass owinrq to the presence
of extrema (minimum in the area 1600 K and maxiimum in the area 3000 K).
Of note is the fact that the radiation-ontical stability of -lass de-
pends heavily on the irradiation temperature and that this function can
be quitc diverse.

interestingly, the maximum of the B 1-absorption band is observed to

be displaced not only with variation in temperaturex but also with change
in the impurity presenL in the quartz glass. Iell L6] showed that inr
quartz glass containing 0.2 percent aluminum the B1-&asorptioo hanu has

thc maxima 275, 300, 305, and 310 nm (4.',, 4.1, 4.05, anci 4 ev), dependirng
on whether the presence of aluminun is combined with that of jydrC-r'n,0
lithium, sodium, and potassium, respectively. 'This factor lends addea
in*,erest to studying induc-d optical absorption in simple-composition
glasses where both the irradiation temperature and glass composition are
changed.

Simple-composition Glasses

The most detailed investigations of oligocomponent glasses at liquid
nitrogen temperatures were conducted in 1964 by Orlov and ieko [4] (Table
19).

The studies reveal several correlations relating the irradiation
temperature, ionic radius of alkali ion, glass matrix, and the intensity
of induced optical absorption. In alkali-silicate Zlasses reducing thp
irradiation temperature leads to stronrr sup-:ementary optical absorption
mainly in the visible region of this spectrum.

The rise in optical density with taeradiation temperature reduced
(compared with glasses irradiated at room temperature) is roughly propor-
tional to the alkali ion concentration. For the identical alkali. ion
concentrations, for example K+ and Na+, the intensity of induced optical
absorption increases to a greater extent with a reduction in irradiation
temperature than with a reduced cation radius. In ahcali-borate glasses
a.ia in so-called leached alkali- corosilicate glasses, the change in
optical density with decrease in irradiation temperature (compared with
the radiation at room temperature) occurs mainly in the ultraviolet spec-
tral region in the vicinity of 240 nw (5.2 ev).

The fact that a decrease in the ionic radius of an impurity ion
leads to a much sharper rise in optical density with reduction in irradia-
tion temperature afford. some analofW between KI quartz glass and the
simple-composition glasoep.; we have be(n discussing. A steep rise iii the
intensity of supplementary optical absorption in KV quartz glasses evidently
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TjLLE 19. "Ovpo-ITIONS OF GL 7L J TDID L4j

liaMeP C?eCKJIAA Cuclan CTCKJI1i D MOJA. %
slo, N0.o K.o

1 80 -20-

2 Co - 40 -
3 b0 -- 2' 0

4 - 80 20 2-
5 60 32 -
6 57,1 14,3 28,6

CEYz A - Glass number
B -- Glass composition in mole percent

TABLE 20. EFFŽ.cT OF IRRADIATION TEUXERATURE ON

INDUCED OPTICAL ABSORPTION OF CERTAIN THRLE-COMI-
PONENT GLASSES

c•,.0 • . h i neit-nioe.,, onT1,,,.O e, .ori.o-'

4CiO1 .Na 20 • 0,SS11O 2  
0,03 0,02 0,()()

4SiO 2 .Na2OO 0,5GeOi 0,24 0,16 0,07

4SiO 2 . NaO.O0,5ZnO 0,32 0,23 0,20
4SiO.- Ni 2O.0,25Li20 0,75 0,41 0,31

KEY: A-- Glass composition

3-- Induced absorption at listed temperature
in0 K

caused by the fact that the formation of color centers is associated with

the h~ydrogen iou, not with the metal ion as in KI glass.

Several three-component glasses in which th,: third component was varied

underwent irradiation wi h gamma-rays from a Co6 0 source at 290, 540, and
5900 K with a dose of 101 r. The glass composition and the variation in

glass optical density after irradiation are listed in Table 20.

From Tabl, 20 wo ran s•e that the higher irradiation temperature

reduced th'e coloring of the glasL, probably caused by thermal annealint;.

As for alk.li-haledv crystals, we kno,' that there i. an optimal jrradia-

tionj te•nerature at which th. formation of F-centers takes place mnost effec-

tively, which indicates the participation of ionic processea in the forma-

tion of F-centers at a high encu4J, temperature. The procecscs can include

- 112



}re•.. "ir t)u of va-;. r•p"[7 81 %ndi the r i;, ]l ':e . f ,< :.•a

1.allies into cationic vacancies L91.
T1 vijlicato '-2n1ces w"r observed a decrf-ase Jr. cn]•rýnrig with incri,a-c

in irradiation temperature. However, thin fact does no*, yet mean tnat
ionic prrceases do not play soae reh irx the for~mation of colo- coe.ters
in 8"lases. Reducin: the radiation temperatiire can lead to low:er therr.ial
anneair,- of centers durin.- irradiation and hare a iy.oro ii, ran. effect
on t-.c cn-:'er.tration than ionic processes. Wehen t.errnal anreciiný in
slight at rooani temprature (XI quartz gl-ss), a reduction in thhe radiation
tens~eratt'e leads t) less coloring.

Thmmercia!-coroi :n ,.asse.

The radiation in the c~ommrcial-oorrpositicn glasses K-8, K-108, Z-2%,
- -u, airs LK-10,5 leads to a char.e in optical d.nsity, lut individual
.- d4"rpticn ban4h 2.annot te differentiated. In al es ixrraPa'iaon wit.
,---. _-<a. at 77, 300, and 4000 K shows that optical density attained at
low teemptrature is high. Even in K-203 glass which is resistant t-c radin-

tion doses up to 0t r, irr.ýd.,ation at 7°7( K at a dose of 3 • 106 r erables
crlorinj to ',e dotfct2i. 'lowever, cen-ters formed at the low tenperature
-_o. be unto a:-i< at room tempercature, and he:Iting glasres irradiated .at
7'/0 K up to 3000 K leads to a sigTificant decolorzing. In this case, the
higher the irradiation temperature, the more stable are the centers formed
S( ig. ,45).

.ffectiveness of accumulation of color centers at different temperatures

The effectiveness of color center formation at different tempe.ratures
is of high, interest for the researchers on two counts. First of all, the
same sample is investigated at different temperatures, which does away
with the scatter of results from sample, to sample. Secondly, invemtit-,-
tion, are conducted at low radiation temperatures, which permits to a
large extent neglecting the radiation breakdown of color centers.

Mhe effectiveness of color center formation is determined from the
expression x(An/4Q (where 6n is the rise in the color center concen-
tration upon irradiation with a dose of AQ). The quantity (4D/4t) =

(A~n/A) = ý- was found experimentally. These investiCations were
conducted on KI and KV quartz glasses. After irradiation with a dose of
AcQ and measurement -f the spectra of optical absorption, the sample is
annealed at 1700 K in air for 20 minutes for the total breakdown of radia-
tion crrlor center.". The annealing conditions were selected in accordance
with the work [10], and the effectiveness was veriflea by the extent of
recovery of optical absorption. After annealing, the specimen was irra-
diated at the same dlose, but now at different temperature in the range

,I (Pig•. 49)1
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Fig. 4,8. Absorption spectra of irradiated glasses
recorded at different te.-,eratures with 3 mm thick

samples-
a -- K-108 glass, room temperature +
b -- LK-105 glass, room temperature
c K-208 glass, 770 K
rcd mma-irradiation temperature 770 K

2 -- 300 K
3- 400 K
1EY: A -- Optical density

B - Wavelength in nm

It mrst be remembered that beating a sample in air at 1700 K does
not restore optical density to its initial level. Still, the curves
presented can be regarded as reliable, since the increment in optical den-
sity enters into the expression for p[. The fact that the change A D at
different temperatures for a selected small dose AQ is linear is confirmed
b; the fact that after multiple irradiation and ann.aling, the value of

X for all bands except for the 540 nm Land (2.3 ely) is easily reproduced.
The effectiveness of formation of the color cenrerb responsible for absorp-
tion in the region 540 nm (2.3 ev) falls off considerably, and evidently
the corresponding curves are in need of correction.

2. Thermal De-excitation of Glanses

When glasses are irradiated, some of the absorbed energy can be re-
leased as light upon heating. The temperature dependence of the intensity
of thermal de-excitation characterizes the level of traps at which electrons
or holes are localized during irradiation. The spectral composition of
the luminescence stimulated by heating affords conclusions on the nature
of centers whose breakdown is responsible for thermal de-excitation.
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nig. 49. Effectiveness of color formation in
quartz glasses for the fundamental absorption
bands (numbers next to curves) as a function of

a -- XV glass irradiation temperature

b -- KI glass
EY: A 9 Change in concentration of color centers

produced per unit radiation dose, in
relative units f

B idtTemperature in 0 K
C - ev g

Thermal de-excitation of glasses at low tenipcratures

7he phenomenon of thermal de-excitatior at low temperatures was
ot3eer•ed by Kikuoti [11]. Hie detected spikes of thermal ae-excitation of
sodium silicate nrd quartz classes irradiated with x-rays. Spikes were
obser%,ed at 1300 K, and in quaertz glass the spike is much broader and has
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Fig. 50. Spectral composition of therrral de-excita-
tion of quartz olass irradiation with x-rays at 120 0 F

for i hour
a -- KV glass
b -. I glass

•EfY: A -- Tntensity in relative units
B -- Photon energy in ev

a second maximum in the temperature range 180-190° K. The low-temperature
th,.rmal de-excitation spike was not detected after an investigation of
',rytal. r quartz, therefore Yokota [12] maintnined that the broad low-temper-
uturo: band of thermul de-excitation is a 'rlecific feature of the gla:;sy
:ntate. In the spectrum of sodium silicate glass Kikuchi [15] observed two
broad opilces, oee of which alo correspondn to increased temperature.
Thenc, bands indicate: the presence of two capture levels of electrons
differing in depth, which agrees with con,ýupts of the electronic structure
of amorphous substances proposed by froehlioh [14].
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Low-tempcrature thermal ae-excitation w:,s 'A,3c1'vvd bj Starodubt.-ev
et al. in crystalline quartz [15]- I adiatior. of quartz at 960 Y witk
100 key protons at a dose of 6.2 . 10 t prot.ns/cm2  produces
four thermai do-excitation spikes at temperatures of 120, 2100, 237, anw
2560 K, which contradicts the viewpoint of Yokota [12]. Evidently, the
problem. ! that upor. irradiation with low-,rntrgLy pr(,to•r color certern
are formed, but the localization of electrons liberated upon irradiation
takes place at levels responsible for the thermal. de-excitation eff:ct.
When irraointion is performed with x-rays, primarily centers responsible
for optical absorption are formed. In this case thermal de-excitation
in crystal].ine quart%ý is observed only al termperatures somewhat above
room temperature [11]. The thermal de-excitc tion spike is also observed
in qulartz glass at a temperature of W0 K [16].

Stuaies of spectral composition and thermal. dc-excitation spikes at
low tezmporatures werLe conducted by the authors on domestic KI and KV
quartz glasses. Slamples were irradiated with x-rays at 120°C K. The
heating rate was about 0.5 doe/see. The spectral characterictics of
.hermal de-excitation are shown in Fie. 50. During the spectral reccrdi 5,,;
period, the samp3e temperature wao varied, therefor, Fig. 50 b shows not
only the temperatures at which the [maximrum ir, the spectral curve was
recorded, but also tie temperatures for cnitain rfther spectral points.
"The luminescence spectrum is characterized by maxima in the regions 440
and 390 nm (2.3 anrd 5.2 ev).

The temperature ,cependeiice of the 2uminucccncc intenoity 1z shuwn
in Fi,7. 51 for quanta of these energies. KV g1ass han two thermal do-
excitation spikes in the retion3 140 and 180 0 K. A [iaxiImutr ir. the region
1500 K is observed for KI glass. In addition, luninescence with it-
r:;aximum in the region 280 nm (4.4 ev) io observed in the temperature
region below 1400 Y. The tiLr~nal de-excitation ,;pccztra of these (,lasses
agrees ,'jainly with the- spectra of x-ray lumin:escenoe, indicating thr
possible identity of the luminescent centers in these two cases. frwe,,er,
there are several differences. Thus, the x-ray luminescence spectrui.r of
KI glass is marked by a waximum in the region 480 n= (2.6 cv), while
the spectrum of thermal de-excitation has its maximum in the regior
440 nm (2.0 ev).

Comparing the spikes of thermal de-oxcitation of quart-z glasses with
the spikes of heat-stimulated electroconductivity (of. C:,.pter Nine) shows
the spatial differenitiation during irradiation of oharge carriers and
de-excitation centers.

Thurmal de-excitation of glasse at elevated temperatures

Much more work has involved thermal de-excitation of glasses irradiated
at roe:'i temperature than 1ow-te.,ipera tuz'.U therral de-exci tatio. Both
siF.ple-co:%:position glasse3s as well as "ormne.:cial-composition glasses were
irnve ti1 dted.
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-- ox de5 of group III celmontss
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B T'emnperature :':. o K
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IRTCHhgATI0N O1 INTENJITY uF TH•IW•AL DE-EXCITATION

I ' ll T IIC1J.IU •'. .M4 Il;CI"1 . M ,: l Uep , IOLU 4qtlh'11i HM
R 07 II 0 1 . U . uIP1) II hIACI)W 1( V It CY' T ,6K.'. A -( '

caO ( I 30 00

MgO 780 250ZnO A0O 175
SrO 960 600
LU,0 185 18O
B203 3 35 300
A120O 6Y) I 3W0
La3O, 2900 2100.

KIYy: A-- Oxide varied
B -- Intensity of maximum of thermal do-

excitation in relative units when ex-
posed for listed number of days

oxides of group III elements, for ex-auple A.12 03 and La 2 0 , the inve:se

aependerce is observed. Th1is sho,.:s that the cent'ers of opti.cal absorption
and thermal de-excitation aro not always identijcal.

Airing irradiatior different kinds of traps can be initiated, differ-
inc bc)th by their spatial location 4. tho glasa; network, as well as by t}.e
depth at which the energy level lies. Some can be responsible fcr optical
"abonrption, others -- for thermal de-excitation. Thermal de-excitation in
eIasses can be ro orbinational in origin, us well as be caused by tnh
presence of d.screte centers, which nay be activating ions, for exauple,
Ce3+, CrS+, l/+, and so on.

'Iesides the simple-composition Classes, the thermal de-excitation of
;o.;.:-reial glasses K-8, K-108, YhN-17, and VVS was investiCated (Fig. 53,
'.ibhl 23). These glasses are characterized by a broad thermal de-excita-
tion s'pikes, whose position depends on tiie glass composition. Obviously,
thcre is, a number of capture levels which cannot be resolved. However,
two maxima are observed on curves characterizing Zh3-17 glass: one at
,1200 V and iO other at 5300 K. Hence it follows that the onerey levels
of th(! traps ian, in spite of their blurrcd itate, be siLrnificantly
'if'f,,:.r•,iat(.' , •tudie.s of the structure of 1..itri,ja de-excitation spikes
a.rr of jritrre:;,t atnd (:fn be conducted by a iw.othno whioh was proposed in
r' •.cnt Vi-tiv,; ati ha.; (Oi•i! to be 0al lfd the (,oue'(;h t ml thod.

5. 'n:r'gy of Th(-rmral Excitation of Capture Centers in Irradiated Glasses

In r-tudyins; the sp-ctrm-. of local levelo in . solid, the main non-
isothiuraai method iia to investi.ate tnermal de-excitution spectra. This
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11(G 7 5.104 5 K - 1 -10'
,C F),K8 5 - 10,

3 BBC 5.iO ] 7 K-1M88 101
4 BBC 1.10 8 N - !014 5.10,!l ,9 AK.108 1.104

TCY: A -- Curve number in Fig. 53
B -- Glass
C -- Radiation dose in r
D -- ZhS-1 ?
E -- •6

me'..hod has several advantages; it is experimentally simple and provides
qualitative data on the energy spectrum of traps, since the position of
the thermoluminescence spike is directly associated with the depth at
which the corresponding capture center lies. However, for a quantitative
estimate of the depth of traps, in addition to the temperature of the
lumine.scence maximum measured experimentally, we must know the probabilitj
of the re-capture of carriers and the frequency factors of centers. Thcre
are several methodological procedures for estimating these parameters
[21, 22]. In spite of this, the quantitative calculation of the eneri'
of thermal excitation based on the thermoluminoscence curves is very
approximate, and if a material has traps with several near-lying energies
01 activation or if the energies of activation are quasicontinuous, quanti-
tative estimation becomes impossible. In this case one complex thermal
de-excitation spike is formed, and based on the measuremcnts of the half-
width and symmetry of this complex spike one can no longer obtain informa-
tion on the frequency factor and other parameters of the center.

Tzo calculate the energy of thermal excitation, we can also ado t the
analytic decomposition of the curve into its elementary components L23J.
However, it is extremely difficult to apply this method, since the shape
of the elementary components depends on constants, which can be determined
only after decomposition.

The method of fractional heating was proposed by Gobrecht and Hoffman
[24] for quantitative studies of the spectrum of thermal activation enerjzcs
of capture centers. In the ;oviet Union this method was mastered in the
problem laboratory of semiconductor physics at the Latvian State Univer-
sity imeni P. Stuohka.

In the material studied, after excitation there are capture centers
filled with charge carriers. According to [24], the probability of freein6
a carrier from a trap is as follows:
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P Sx p(-h!kT). (28)

Each capture centers characterized by is energy of thermal excita-
tion Z and by the frequenny factor S3. Therefrr all capture centers ca'n
oe described by the distribution function 11 which expresses the con-

centration of captire centers in the eneriW range 1; + dE and the frequency
factor range S : dS.

Each free electron recombines at an ionized activator or is again
captured by a capture center. If the lifetime of the free charge carrier
is much less than the time constant of the measuring equipment, the lumi-
nescence intensity measured experimentally is proportional to the rate
at which free carriers are generated

S(1) -IJQ d (29)

dt

where • is the qucntum yield of luminescence; Q is the probability that
a carrier recombines at an activator; and dn/dt is the rate at which the
carriers are freed.

If X is the coefficient at which the capture centers are filled with
carriers, the intensity of luminescence is determined mainly by the cap-
ture centers for which the product PX is at a maximum.

Lot us examine the contribution made b., each of the terms of the
product to the afterglow kinetics at constant temperature. Lach type of
capture center in isothermal conditions has a constant probability of
freeing carriers, P, which depends on E, and S. If the following ratio

is set aside for two centers:

ano thr centers have an identical probability of thormal excitation of
carriers and they make the same contribution to the afterglow.

The population X of each type of center changes independently of
each other type according to the exponential law.

X -= Xoe (1

The tine constant of the ]tuminescerce decay -.= i/p is inversely

proportional to the probability of the thermal activation of capture con-
te'xc. Thc, afterglow curve consists of individual exponential sections
with increasing decay time constants. The main contribution to the
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aftcrflow inte::sity is afforded by emptying of the centers which in a
given period h-ave the highest probability of tno theriula] ctivation of
carriers. The population of capture centers gradually diminishes.
Calculation shows that centers for which the energy of thermal activa-
tion lies within the limits 2-5 kT becoie empty at the same time.

Let us consider how luminescence changes when a sample temperature
is raised. According to expression (28), a temperature rise leads to
the exponential growth in the probability that the capture centers wilil
be ionized. As long as changes in the filling of capture centers X are
slight (X - const), intnsity of luminescence increases in proportion to
the probability of ionization. This condition is satisfied over the low-
temperature section of thermoluminescence curves. If monoenergetic
capture centers are present in a specimen and if I ý P, then we have

dmn1 d(InP) E (32)

Therefore, the death of monoenergetic traps can be determined by the
slope of the low-temperature section of the thermoluminescence
curve in the coordinates ln I and I/T. The condition X = const is not
absolutely precisely satisfied in the experiment, but for practical pur-
poses the unchanged population of capture centers oaxn exist in the low-
temperature section of the thermal de-excitation curve to a fairly
good approximation. Actually, however, it is difficult to establish
whether luminescence becomes stronger owing to thc: change P or if the
slip of the curve becomes more gradual owinLg to the emptying of capture
centers.

The oscillating heating regime was selected to ,onitor the changes
in the population of captore aevels. The sample temperature was raised
a few degrees and then the sample was cooled to its initial temperature.
If the luminescence intensity after the temperature cycle decreased only
slightly, the population of levels changes quite little. Cycles of heat-
ing and cooling were repeated many times, while all carriers stored at
capture centers recombined. Prom the slopes of the heating and cooling
curves we can determine the mean depth of capture centers, which are
mainly freed in 'he same temperature cycle.

Investigations by this method were conducted on KV quartz glass £25]
(of. Fig,. 51 a). A complex low-temperature thermal de-excitation spike
with its maximum near 1400 K, and a higher-temperature thermal de-excita-
tion spike - at about 2200 K -- are differentiated. The results of
mcaourine the thermal de-excitation spectra showed that in KV type glasses
there are at least two types of capture centers, but it is highly probable
that the low-temperature spike is aluo caused by two types of capture cen-
ters. The depth at which the centers lie cannot be established basprs on
therm8l de-excitation spcutra since we do not know the frequency factor
of each center, and for the low-temperature spikes we do not know T of

mx
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-:,tarL,' subspike, Owin. tc ii.terse U :pp g. L L"I
spec.: of tii, ellergios of tl'ermal excotatlk2 1:et findoi2 u,/ ti.¢ :L, .'te
of frh'tin•al hesting is shown in Fir,. 54 &'nr the KV ssmpo. 'i'hp samrl-
w, as eyoitea at a tem.Derature of 98 K with y-r-•a. fnr 2 hour:;. The spec-
trum was averaged with respect to energies of excitation and light totals
from 104 temperature cycles. The experiment was condictsl so that thO
amplitude of the temperature cycle rose with a gradual increase in tt.e
mean cycle temperature and was AT O.1Tav

43".
452S

i='

A* $000

424+ 41 4

Fig. 54. Spectrum of energies of thermal
activation of KV glass

KEY: A-- Concentration of capture centers
in relative units

B E- Energy of activation in ev

Maximu on tihe curvw are singled ou04 for four onergiv.s of theraul
activation: 0.31, 0.37, 0.525, and 0.64 ev. Therefor.p, samples of KV
glasses huive four types of local levels with corresponding eicrgies of
thermal activation. The area under the spikes shows the relative concen-
tration of the corresponding filled local levels. Evidently, concentra-
tions of three high-ener-. levels differ only slightly, while the population
of the low-energy level is smaller by a factor of 4-6.
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Fig. 55. Mean energy of activation
as a function of mean cycle tempera-

ture for XV glass
KEY: A -- Energy of activation in ev

B- 6amnle ter'perature in 0 K
C -- Thermoelectromotive force in my

Fig. 55 shows the mean cycle energy as a function of the mean cycle
temperature. Each point in this figure corresponds to one temperature
cy:le (approximately 60 of the 104 cycles are plotted on the graph). As
we can see, from cycle to cycle the measured energy depth of the capture
centers varies with increase in mean temperature. Here the measured
temperature increases nearly ronotonely during the first cycles (low-

temperature points). At mean cycle temperatures (120-1450 K) the measured
mean cycle energy remains nearly unchanged, that is, it is predominantly
the same type of trap that is emptied in the cycles. Corresponding to
this plateau is the spike at imax ' 0.37 ev. In the next several cycles

the measured mean cycle energy again increases smoothly to the next
plateau, to which corresponds the spike at 0.525 ev. After the traps at
this depth have been emptied, the cycle ener,-1 rises to the next pliteau,

which is formed by cycles de-exciting capture centers at a depth of 0.64 ev.

The temperature control regime in each cycle was selected as

follows in measuring the spectra: the temperature was increased and then
decreased linearly with time so that during, a cycle the intensity of
recombination luminescence, beginning; from some level, increased and tthen

decreased by a factor of 20, while the cycle time remains approximately
constant. Therefore, in all cycles approximately the same light total was
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b':~i;ri th: ti ,ti .r~~:of recowbirke( :,~:tir au )
is reflected in thit (!urve In Pi'ig. 55. In tn,. plui.( tj rw,?ion t, h-oe in

•oru tr;r o -roa'r-.s fro::. 'le to " ;.i.. .. or' S 1 ly :Ir' the

increasing: .3e:tions, tethrefore tIC poijnts lie ,.0.Vu ti-i.!'j V.,ivo to
the abaciooca axio..

Fic. 55 has no plateau which would correspond to the first maximum
in the curve of Fig. 54. A detailed analysis of the numerical results
of measurements shows that this spike is formed by about five temperature
cycles, whose mean enerey does not increase from cycle to cycle, but
fluctuates about the value 0.31 ev. Therefore the presence of capture
centers at this depth cannot be regarded as demonstrated by the measure-
ments made; additional study of this temperature region with d lower
light sum de-excited in each cycle is required. A comi.arison of the
thermal de-excitation curves and the fractional heating spectra shows
the advantages of the latter i•ethod.

By measuring the eneray spectra using the technique of fractional
heating, one is able to resolve the energy levels of several thermal de-
excitation spikes (spikes at E 0.31, 0.37, and 0.525 ev, and the

thermal luminescence spike at Max 30 K) and to Drove that the others

are elementary (ET - 0.64 ev and the thermal de-excitation spike at Tmax
- 350° K). Based on the fractional-heating spectra, for the first time

the energy of thermal activation of capture centers existing in KV glasses
was established.

The half-width of spikes at the curve in Fig. 54 corresponds to 2 kT
(where T is the temperature at which liberation of carriers occurs most
effectively). Thus, the half-width of the spike and, therefore, tht
resolving power of the method corresponds to theoretical considerations;
This fact shows that local states that are capture centers in KV type
quartz glass are monoenergetic, that is, the thermal activation energi,.a
are discrete. Therefore it appears highly probable that formations serving
as capture centers for carriers are formations with a stable physicochemical
structure and, though the nature of these formations remains thus far un-
clear, the role of near order in determining their structure is dominant.

The depth of capture centers increases monotonely with mean tempera-
ture cycle (Of. nig. 55). From this it follows that the frequency factor
(pre-exponental cofactor of the probability that carriers will be liberated)
is approximately the same for all capture centers.

After cessations of excitation at 1000 K, intense afterglow of a
sample is observed, decaying down to zero fairly rapidly. The first
temperature cycles of fractional heating measured immediately after cessa-
tion of excitation show the following mean calculated energies: 0.18,
0.24, 0.28 ev, and so on. From this it follows that finer capture centers
exist in appreciable concentration in samples, and their study necessi-
tates lower temperatires. Therefore, to determine the complete energy
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.oectruc. of capture ( crntorn in quartz glasses we must i-onriut:t measuremir, ts
beginnin., with the liquid helium temperature. It can be anticipated thatt
fte'. thons toempop'atuf,.t= we will be able to m:zuVve dc o..a+ 2 :r tr,', nmecfvt-

nisr, of recombination processes, recombination witn thv freeing, of quasi--
free carriers, tunnelings recombination, ana the manifestation of rrwt;astable
levels.

4. Thermal Annealing of Color Centers

The breakdo,,L of color centers during heating of en irradiated speci-
0

rimen is a widely known fact. As a rule, heating a sample to 700 X restores
thb optical absorption of a glass to its initial level. The temperature
dependence of the rate of de-excitation of irradiated glasses has been
studied in several works [2b, 27], bit correlations affording conclusions
ac to the nature of color centers have not been forthcoming. Isothermal
and optical de-excitation of irradiated specimens was investitated more
closely. A large number of well-executed studies are considered in detail
in the review [k]. However, several aspects of this problem merit closer
study.

The fundamental equation of the kinetics of color center accumulation
(14) involves parameters cli arterizin+ radiatiod as well as tier:.Ih.
annealin- of color centers. The work [29] examines the process of iso-
therraal de-excitation of pre-irradiated glasses and proposes of formula
for its description

where A and b are constants.

Actually, setting p - - 0 in equation (14), we jvt

whence

no qjQT e . (713a)

Howevnr, the results of our experimental studies and those of others
[27] show that eyuation (55) does not describe experimental curves
exactly. Fig. 5.6 presents curves characterizing the bn-akdown of color
centers %,ith time after irradiation has been stopped. Typical of these
i; the lvr,,1noy to saturation, which does not follow from equation (55a).

Evidently, at the initial conc,!ntration no there are both thermal

stable centers n q as well as unstab1- thermn] centers tliat break down

with time. Thcrihr differential eQUdtio0n oLurATUterizing the rate of
itiothermal de-excitation wil), be of thc form
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B~y co:%paring: equatimsi (03) anit (35), we haveý

A =no- n6 1 T qr.
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*r=7 -:ý) - -r pw.Il Sw '-r-

atins 5/. .~.'i(36&'cri`le the ::szo' tir.ý ,tcra bra
,..:;;, of color centers in ,;laz-aes wh,.n colc,z- tiiat are staLls and unstable
it a given temperature are irradiiat,_0d. Upon prolox±yed exposure £ollcwini,

irradiation, the color center concentration drops off via zero, or to
no.

7h- rnn rate of isothermal de-exct•tatior for sevoral l
tion .lasses has been cited in the work [20] (Tables 24 and 25).

"li3LZ 2/. lIAN RATTE OF ZIfLhI4AL DrP-EiXIThATION 00 Gt,4 EE OF 2.
SYSTi. Na 20- I2 0-iO 2 A: si FiNCTION OF COUD~0rITIUN

-rca c rr C~pi c1pje t,'VP ll,,iecl+(Il +l,6e( lun." 'ii llIP

CI)T•a1| CT P , 1II AIAl- I.IrA! 11111 1 1B'I ' $ B

I+l , O •O I I•.+ ' I | ] +" + •

25 r 1 1,0 0,182 0.17 I 0,162 O, 14 S 0.108
25" t0 55 0.22 0,254 0,178 0,15 O,0J08
25" 15 50 0 ,064 0,12 0 0 14. 0,12 0,09.#
30'* 70 - -- 0,17,1 ,2- O, 102
0'* 21,5 67,5 0,0f3 .,081 0 176 0,20S O,166

30:: 7,5 82,5 3, o. 1( 2 O, 14N :,144 0,114
30** 15 ~ 55 0,068 0,09 0,128 o,11 0,0 8

de-.xc•itat.on at 507°O

** de-excitation at 5530 K
KI:Y: A- -- Glass composition i.. :riole ner-ent

1-- Rate of thermal de-c~rita,.oion in mm-- 1/mm at listed
energy in ev

½x-excitation of g 1acae,7 1-8 was conIdujcted at 3.75. K, and at .,5 K
for 4lasscs 9-17; here the rate of de-excitation of the 4.6 ev brd of
,lasses )-11 was too thigh to be measured.

Unfortunately, at present there are virtually no data on the y,
valuez f.r different class compositions or for different temperatures.
:iowever, the value of q, in necessary in deterrnininr the thermal stabi-

lity of centers, which is vital in predicting induced absorption as a
function of irradiation intensity.
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CHAPTER NINE

EFFECT OF RADIATION ON ELECTRICAL PROPERTIES OF
GLASSES AND CERAMICS

Electroconductivity, dielectric permeability, dielectric losses, and
electrical strength of dielectrics are aetermined by physical processes
associated with the liberaLion, displacement, mobility, and concentration
of electrical charges in a dielectric. Irradiation increases the concen-
tration of free electrons and changes the conditions of charge displacement.
Some of these conditions act only durinn; the irradiation time, while others
persist even after irradiation. All this accounts for the complicated
dependence of the enumerated characteristics orn irradiation.

1. Accumulation of Charge and Breakdown of Dielectrics Caused by Irradia-
tion

The ionization of atoms exposed to radiation and the initiation of
free charge carriers causes a dielectric to be polarized, that is, induces
an electric moment in it. Under some irradiation conditions polarization
can be macroscopically manifested: after irradiation a charge with the
opposite sign is detected on the opposing surfaces of the dielectric
sample. Some glasses in this case are capable of retaining the induced
charge for a long time, that is, they become electrets [1]. After irradia-
tion, the dielectric can remain macroscopically neutral, but still induced
charge and polarization can be manifested under certain conditions. It is
sufficient, for example, to place the sample in an electrical cell,
to short-circuit its opposite sides, and begin heating it as the dis-
charge current is induced, whose value and direction can be recorded by
connecting it to the external circuit of an ammeter.

The dit3charge of an irradiated dielectric when heated is associated
with the fact that the distribution of charge carriers recorded at the
irradiation temperature is disrupted, carriers begin moving towara the
electrodes, and a current is induced in the external circuit. One of the
typical features of discharre currents is the complicated dependence of
their value and direction on temperature and time (Fig. 57) 11).
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Fig. 57. Typical dependence
of discharge current of glass
irradiated with electrons on
heating temperature and time
(specimen thickness 17.5 mm)-
KEYs A -- Current, I * 10-1,

in amperes
B -- Time in, minutes
C -- Temperature in 0 K

70 i
2OM 75 vah 37

a

Fig. 58. Dependence of value and
"direction of discharge current on
the site of measured section in -

irradiated sample
1 -- irradiated area of sample is

5 mm thick
2 -- as above, 10 mm
3- thickness of unirradiated sample

area is 8.9 mm
4 -" as above, 5.5 mm -10
1.Y0 A -- Ourrent, I 10 , in a

B -- Time in min
C -- Temperature in 1K
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Por tne case of irradiation with electrons, polarization of the di-
electric is easily accounted for by the introduction of excess negative
chargc, since sample thickness is greater than the electron patn. However,
the distribution of this charge across these sample thicknesses is of a
complicated form. It is obtained fro,.u experiments measuring the dis-
charge current at plates prepared by longitudinal cutting of the irradiated
sample. The discharge current is produced both on irradiated or unirra-
diated, deeper-lying layers of the sample (cf. Fig. 58), which indicates
the initiation of a compensating positive charge in the region of the
sample that is not irradiated with electrons. The value and shape of the
dependences of current on heating time and temperature enable us to plot
the charge distribution and the distribuLion of the electrical field in
the sample (Fig. 59) [1.

In Fig. 59 the point xa is at the depth of maximum electron concen-

tration (about 0.4 cm, which corresponds to the free path of 2 Mev dlec--

trons). The distribution curve of the electrostatic field in the sample
is obtained by integrating the density of the space charge. Since the
cell is short-circuited, the integral of the fields from one surface to
another is zero, and xa and xb are the field inversion points.

The above-mentioned distributon curves correspond to the state imme-
diately aft')r irradiation at room temperature. When the temperature is
increased negative charge carriers, initially captured by traps between
the irradiated surface and point xa, move toward electrode A. Positive

charge carriers captured by traps between the unirradiated surface and
point xb move toward electrode B. Charge carriers between points xa and

xb are subject to the reverse field, which shifts the negative charge in

the reverse direction. The net exrernal current recorded in the current
is the sum of the positive and negative components. Since these components
must be dtstinct time functions, the overall current can modify the direc-
tion.

In contrast to discharging electron-irradiated samples, samples
irradiated with gamma-rays, according to [1-2], do not yield discharge
currents when there is uniform heating in the electrolytic cell, which
enables us to conclude that there is no polarization present upun gamma-
radiation. However, heating a sample of Corning 707 glass uniformly
irradiated with gamma-rayst in the presence of a temperature gradient,
is accompanied by discharge currents [2]. Here the direction of the
current observed corresponds to the movement of electrons toward the
hotter electrode. The initiation of current is explained by the fact
that in a nonuniform temperature field carriers begin to move opposite
to the gradientp and the diffusion coefficients of the carriers of nega-
tive and positive charges differ from each other. This leads to the
appearance of a net external current, whose polarity indicates the high
mobility of the negative charge carriers, that is, electrons, which is
wholly natural.
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A 42

Fig. 59. Distribution of bulk
charge and electrical field in
dielectric irradiated with
electrons (the arrow indicates
the direction of the electron

beam)
1 -- field
2 -- charge

Still, in more recent studies el,:ctrioal polarization of various
dielectrics after gamna-irradiation was detected [3]. Irradiated samples
placed even in a uniform temperat re field produce a discharge current,
even though of a relatively low •alue. Th'e initiation of a space charge
in a sample subject to irradiation on one side is associated with the fact

that the scattering of Compton electrons formed upon exposure to quanta
occurs principally in the direction of the primary radiation, which then
gives rise to the nonuniform distribution of electrons in the irradiated

volume. The displacement of electrons in the direction of irradiation and
their capture by traps at deeper layers lead to the buildup of negative
charge near the unirradiated surface, which brings about a rise in the

compensating positive charge on the side of the sample facing the irradiate(:i
s,.:,face (Fig. 60) [4, 5_.

The value of the bulk charge depends on the absorbing abil:Lty of the
glass, therefore polarization is manifested more strongly in lc:id 1rlasses.

,-;'s polarization was detected when lead silicate gglass was iry. adihted
with x-rays at doses from 2 - 103 to 2 • 1o4 r [6]. When a sample is
heated in the 350-4500 K range, a current was recorded thut changed its

direction at 5900 K.

The polarivation of lead-silicate glass caused by x-ray irradiation

obeys several correlations, in particular, increasing the radiation tem-
perattre lowers the dose at which polarization saturation sets in (upwards
of 10 r for 2970 Y; 105 r for 3200 K; and 5 - 104 r for 3430 K). In-
creasin'! the radiati)n dose intensity to 300-400 r/min causes more intense
polarization; a further rise in dose intensity has no effect [7].
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Fig. 60. Distribution of

bulk charge in gamma-
irradiated dielectric
(the arrows denote the
direction of irradiation)

When an irradiated sample wi6h nonuniform distribution of charge

carriers ic placed in a uniform temperature field, the carriers freed
under the effect of the internal field begin to migrate toward the sample
surfaces, which induces a weak discharge current (8]. The need for non-
uniform irradiation to cause polarization to rise has been confirmed by
several experiments. For example, it is reported in the work [4] that
samples of radpat'ion-resintant flint, irradiated on one side with gamma-
rays from a Co6 0 source, when placed in a uniform temperature field yielded
two well-defined spikes of negative and positive current at temperatures
of 410 and 4500 K. After the sample, were uniformly irradiated on all
sides with the same gamma-ray dose, the discharge current curve recorded
under the spore conditions had two much weaker spikes, shifted toward the
low-temperature side. Thus, to cause a discharge current to appear with
heating, we need nonuniformtty either of the radiation or of the tempera-
ture field in the sample.

When a nonuniformly irradiated sample is placed in a nonuniferm tem-
perature field, a current caused by the different diffusion coefficients
of the carriers is superimposed on the current induced by the internal
electrostatic fields. Therefore, depending on the direction of the fields,
either strengthening or weakening of the external current can occur.
Since both currents obey different temperature functions, a change in the
position of the irradiated sample in the cell can alter the discharge
current pattern [3].

The use of high temperature gradients causes an increase in the inte-
gral discharge current. Regardless of the gradient used, the integral
current reaches saturation at doses of about 3 - 106 r [9, 10]. Even
the application of a strong external electrical field to the discharge
sample causes no marked change in the value and direction of the discharge
current, which indicates an extremely high level of the pseudo-Thomsonian
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coefficient (10-100 v/deg) for the discharge current causes by irradiation

[3].

In addition to the discharge caused by heating and irradiated dielec-
tric, a discharge photocurrent is induced when tie same samples are irra-
diated with ultraviolet rays. In this case samples of quartz glass and
Pyrex irradiated with beta-rays at a dose of 7 - 105 rad from a Sr 9 O £ource
were placed in a cell and illuminated with a mercury lamp [11]. The charg6e
accumulated upon irradiation was lowered by 50 percent in 5 minutes on
quartz glass samples and in 90 minutes on Pyrex samflles. The retarded
discharge of Pyrex is associated by the authors with its lower ultraviolet
transmission.

In many studies on the polarization and discharging of irradiated
dielectrics, emphasis centem on the relationship of these phenomena with
the formation and breakdown of color centers. In the literature it is
noted that total discharge of a sample corresponds to its complete decolor-
izing, that is, the color centers are the charge carrier sources [1, 9].
Since the breakdown of color centers is accompanied by luminescence,
naturally there is a specific relationship between thermal discharge and
thermoluminescence. For example, in the work [12] ati:ention is directed
toward the relationship of the thermoluminescence spikes of glass (570
and 4100 K) and the discharge current spikes (4100 K).

The chemical composition of glasses, affecting the number and stabi-
lity of color centers, also affects the polarization value. As indicated,
polurization depends on the absorbed dose, therefore in the case of x-ray
or gamma-ray irradiation these are more readily observed in heavy glasses
with a large absorption coefficient. In the study [3], the investigation
covered several commercial glasses, including quartz 7940 and borosilicate
7070 made by the Corning Glass Works, lead silicate protective glass from
Pittsburg Glass, the quartz glass Suprasyl, and also two calcium aluminum-
borate glasses (Cabal-25: CaO . 4.5B203 Al20 and Cabal-39t CoO • 2.5B2 05

• Al 2 05 3 0.2Co0e 2 ). Here it was noted that the integral discharge current

for quartz glass is much lower than for multicomponent technical glasses
(Fig. 61). This fact is related by the author to the large number of
traps in technical glasses, that is, to the large number of color centers.
The presence of cerium in glass preventing the formation of color centers
still does not reduce the accumulated charge and discharge current values
[10]. In the study [4] it was found that the simultaneous presence in
lead silicate glass of two transition elements causes the initiation of
positive and negative maxima on the discharge current curve, while glasses
containing a aingle transition element yield only one positive spike (Fig.
62).

On attainment of a sufficiently strong internal field in an irra-
diated dielectric, its breakdown may occur simultaneously. It is simple
to observe a breakdown when mechanical damage is applied at the surface of
an irradiated sample, for example, by puncturirZ itwith a needle. In this
case the breakdown voltage will be measured by connecting the needle to a
voltmeter.
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Fig. 6. Discharge current in glasses
after gamma-irradiation with the dose

3.3 • 104 r at a temperature gradient
of 31 deg/mm

I - Pittsburg Glass 6792
2 -- Corning 7070
3 -- Cabal-39
4 "" Suprasyl -10
KEY: A-- Current, I 10 in a

B -- Temperature in 0 K

0--
Tc*nepaip 8 *K

Fig. 62. Discharge current in the
following glasses

I - glass with composition 60 % SiO 2
and 40 % PbO without additives

2 - as above, with additive of 0.4 %
Ce02

3 "" as above, with additive of 0.1 %
Fe2 07 + 0,5 % Ce02

4-- as above, with additive of 0.5 %
Fe 203

5-- as above, with additive of 0.5 %
TiO? + 0.1 % Fe 2 03 -10

KEY: A- Current, I . 10", in amperes
B -- Temperature in 0 K
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Spontaneous breakdown of lead silicate glass (46 percent SiO2 ; 0.5

percent Na20; 34.5 percent PbO; 15.6 percent K20; 2.4 percent CeO 2 ; ana

0.9 percent Fe2 05 ) was noted for radiation doses of (79) 107 r [].

The breakdown voltage measured in this fashion was 1.2 • 10 v/cm. This
value is below the dielectric strength of a given glass (5 * 106 v/cm),
which accounts for the increase in the local concentration of the field
immediately prior to breakdown. The reduction in the breakdown strength
of radiation-resistant glass of the system XK2 0-Na 2 O-PbO-SiO2 owing to

irradiation has been reported in the paper :10]. The reduction is 25 per-
cent of the initial value for alternating current and 9.5 percent for
direct current.

Breakdown of an irradiated dielectric is usually accompanied by a
flash of light, after which the characteristic discharge figure -- the
so-called Lichtenberg figure -- becomes noticeable on the sample. In
electronic irradiation, the depth at which the plane of the discharge
figure lies corresponds to the depth of captured electrons. The area of
the discharge figure is proportional to the integral discharge current
[1, 14].

The overall discharge glow time of F radiation-resistant flint

recorded by high-speed motion picture photography was 20-30 microseconds
for a g0O6 r radiation dose. When the radiation dose was boosted to

• 103 r, the total discharge time wa3 reduced tc 17-18 microseconds.

Formation of Lichtenberg figures can also be produced and observed
in different ways [141.

1. A dielectric with a notch on its surface made by impressing a
needle, and then subsequently irradiated yields a discharge figure at
the very first irradiation, where the onset of the discharg is at theA
damage site. The value and shape of the discharge figure depends on the
integral dose of the first irradiation.

2. After irradiation a saraple is placed on a grounded plate and a
new indentation is wade with e gsounded needle. If the radiation dase
or the accumulated charge are large enough, a flash takes place caused
by the discharge occurring a-.ong the same path as in the first irradiation.
For irradiation with low-energy electronic beams, the irradiated layer of
the sample has a relatively shallow depth, and the electroconductivity of
this layer is very high owing to the high concentration of the electrons,
therefore the accumulatad charge is released in a very short time. Cha-
racteristics of the mP.ter!.ala and their properties are presented in Table
26 114].

One more methoat of observing Lichtenberg figures and recording the
discharge current is described in the work [10]. An irradiAted glass
sample is placed in a raechanical strength testing machine, e.nd a load is
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TABLE 26. LFAXCT OF ELECTRONIC IRRADIATION ON
ELECTRICAL PROPERTIES OF (GLAS

C.II/0C M II|) MT 'ICII'-, Ih I,~r~, "~i 1/2i' ,1•" " J fl ,.1 A-

SI II CD i '
1 :u' cu..'oLm c CN . . . . |1"k--l0ta 25 6 RC..iwuio~oe F-30-N C. . . 10I4•10t8 2,5 '200 C0

Cisimuouoe F-62-R 1 . . . 101•- 01" 10 1 30 -
HaTplIe a . c. .. .. .. 104 10 i C-7 -

KEY: A-- Glass
-- Resistance in ohms a cm

C- Discharge current in microamperes
1-- Irradiation time in seconds

-- Time to discharge in hours
F-- Nondarkening CN
G -- Lead F-56-N
H - Lead F-62-R
I -- Sodium

applied in the center of the surface using a hard cone. At constant load
(140 kg), the discharge current becomes maximum in 10 hours after irra-
diation with doses of 106 and 107 r.

When the study was made of discharging under the effect of variable
load on samples of glasses with different chemical compositions irradiated
with doses of 106 and 1o7 r (the measurement was taken 24 hours after
irradiation), the following findings were made [10]s

a) as a rule the discharge current was stronger and the Lichtenberg
figure had a distinctive central stem (dendritic form) in CeO2 -rich glasses;

b) the overall current is reduced and the damage area is also narrowed
with decrease in the dimensions of radiated samples, that is, the current
is nearly proportional to the irradiated surface area;

c) the disohargu current is increased with decrease in applied loan;
and

d) the discharge current in the glasses is reduced when the potassium
is partially replaced with sodium, when sodium and potassium are partly
replaced with calcium, silicon -- with beryllium, potassium -- with zinc,
silicon -- with aluminum, and silicon -- with phosphorus, and in the case
of industrial radiation-resistant lead glass -- when slight amounts of
W03 and Sb 2 03 are introduced. However, adding a large amount of Sb 2 03

(more than 8 percent) to sodium borosilicate glass, as shown by our
investigations, leads to an increase in the region damaged by the discharge.
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It is possible that the damage in borosilicate glasses intensively
irradiated with ultraviolet rays is related to similar phenomenon [i1],
thou6h the authors of this study attribute this effect to structural
changes in the glass caused by the miZgration of alkali ions in the field
of the charge induced by irradiation and caused by change in boron coordi-
nation. And naturally, the authors themselves note that when a sample of
Terex glaas that had received extended irradiation with ultraviolet rays
was heated, a arong discharge current is induced in the electrolytic
cell (up to 10"b a), much higher than the current in glasses irradiated
with x- or gamma-rays. In all probability here we have effects of differ-
ent kinds induced upon irradiation being superimposed on each other: elec-
trcnic effects -- the initiation of polarization owing to Compton electrons
and structural effects -- change in the distribution of cations and the
associated appearance of stresses in the irradiated layer.

2. Effect of Nuclear Radiation on the Electrooonductivity of Glasses and
Ceramics

Exposure of dielectrics to radiation causes two kinds of changes in
the electroconductivity produced by the initiation of free charge carriers.

The first is radiation electroconductivity, observed directly on
exposure to radiation and a rise in level because electrons carried into
the conductivity zone travel in the dielectric under the effect of the
applied field until they are captured by traps or else recombined Vith
holes in the valency zune. Mobile ions of alkali metals can also serve
as charge carriers in addition to electrons, since the applied electrical
field hampers their recombination and stimulates their disunion £16].

An increase in the electroconductivity of a dielectric upon irradia-

tion obeys the following relationship [17]

r = en i.,

where 0 is the radiation electroconductivity; e is the elementary charge;

n is the carrier concentration; and /k is their mobility.

This relationship applies to the electronic as well as the electronic
component of electroconductivity, which are supgrimposed on each other.
The value of 0' as a function of radiation dose has the form of a

r
saturation curve and its established value is proportional to the radia-
tion intensity.

The second kind - post-radiation electroconductivit; -- is observed
for some time after radiation has halted and is produced by carriers fall-
ing into potential wells that are not deep enough. The time deperdence
of current usually has a "declining" characteristic, which is associated
with a decrease with time of the number of charges freed. The experimental

1*1
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temperature strongly affects electroconductivity here, since on the temper-
ature depends the ztability of electronic and hole centers. As the measure-
ment temperature is raised, we can observe heat-stimulated electroconducti-
vity, which -- in contrast to the earlier-discussed discharge effect on
exposure to an internal field induced by irradiation -- is manifested
only when a voltage of high enough value is repeatedly applied to the
irradiated dielectric.

Post-radiation conductivity also has the nature of a saturation
curve, whose value is proportional to the measurement temperature. For
example, it is 7 * 10"10, 25 * 10-10, and 90 • 10-10 a, respectively, for
MgO crystals irradiated with electrons at temperatures of 338, 356, and
3760 K. The post-radiation conductivity is usually, several orders of
magnitude smaller than the radiation conductivity L18].

Changes ii. the electroconductivity induced by radiation and, in
particular, the heat-stimulated conductivity are proportional to the
intensity of the radiation dose, which has been noted in samples of
lukalox irradiated with equal doses at rates of 5 " 'o6 and 5 - 108 r/hr
[19]. It must be noted that during measurement of the heat-stimulated
conductivity radiation damage undergoea annealing and in the area of
10000 K the curves of irradiated samples coincide with the curves of
unirradlated samples [19].

In our experiments measuring heat-stimalated electroconductivily of
quartz glasses of different grades (KI and KV) irradiated with x-rays,
we simultaneously recorded the thermoluminescence of the samples. The
radiation temperature was 100-1050 K. After two-hour irradiation at the
regime 50 :.v and 10 ma, a voltage of 450 v was brought to the samples
and they were simultaneously heated at the rate of 0.1 deg/sec. Fxperi-
mental results (Fig. 63) allow us to note that the spikes of beat-
stimulated luminescence (HSL) correspond to the spikes of heat-stimulated
current (HOc). A rise in HSC in the temperature region near 3000 K and
above is associated with the intensified ionic conductivity of the glass,
while the low-teiperature section of the HOC curve is determined mainly
by electronic processes. Thus, we can assume that the liberation of
electrical charges captured by traps, induced by the temperature rise,
and their passage into the conductivity zone account for the current in
the sample.

Also capable o1' leading to higher electroconductivity following
irradiation are processes which result in the formation of impurities
that serve as charge oarriers. For these processes to occAr, enough
of thesa impurities must form as the result of nuclear transforma-
tions. Thus, Budnikov et al. [20] maintains that the rise in the elec-
troconduotivity of clean polycrystalline corundum in alternating current
at a frequency of 105 Hz induced by react ! irradiation is due to the
initiation of donor levels at the siteas 2 nuclear transformations A1 2 7

(n, p) Si 2 8 . This also gives rise to charges responsible for persistent
changes in electroconductivity.

- 144 -



2 C

2 120

W 200 Joe 400
1P rewnepamypa VA
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TABLE 27. SPECIFIC BUIK RESISTANCE OF CMTAIN
GLASSES IRRADIATED IN A REACTOR

1p1,1i I il IJ lii i (1' - i y'lc llln 1 1 Ii

OIHCCJ1 HoC 0 I P IWU"1 _" I ___

CaO 64 2,2211010 4,40,1010 4,13,1010 4,10-1010 4,30,1010

Si 02 72,2

LI.o 23,2
CU2OC O 0,2 'D " 1 2,32. 101J 2.07-101 2,29101l •A'101 1o 2,85,101t

SiO, 67,3

KEYi A - Glass composition
I - Specific "bulk resistance in ohms • cm

for listed irradiation time, in hours
C - oxides
D -- content "in percent by weight
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Tie effects of change in electroconduc~ivity notu-d are small, and

the current has the same order of magnitude a; the disuharge current

caused by induction of the body charge. Foi example, borosilicate glass

irradiated with gamma-rays, in the initial state yielding a current of

2.8 ' 10-12 a for a voltage of 22.5 v, after being irradiated with 105 r/hr

yields a current 2.2 • 10-11 a. Irradiation of sheet sodium calcium sili-

cate glass shows virtually no cnange in its resistance [21]. At the same

time samples of irradiated glasses become current sources in a circuit,
resulting from polarization of the bulk charge, ana tne absence of external
voltage. Thus, this irradiated borosilicate &lass sample was de-excited
in a circuit with a current of 3.4 . 10-11 a 121].

When two multicomponent glasses were irradiates in a reactor at a
beam stren h of 1015 neutron3/ca 2 . sec, the following resultuweiv re-
corded [22f (Table 27).

It does not appear possible to arrive at any correlation between
resistance change and dose.

Paymal in his work [251 on changes in the propk~rtius ana strvctura/
of multicomponent glasses when wxuosea to the reactions (n, M) caused'by
thermal neutrons, associates the effect of changes in the ekcctroconducti-
v.i.ty and dielectric characteristics with specific amuage under the effect
of heavy charged pirticleu. At small radiation reactor doses, changes in
electrical properties are associated with the so-called "thermal effect"
which results in chantes in the depths of potential wells l.mouilizing
the position of alkali catins in the tracks of charged particles formed
in the nuclear reactions. ;is a result of this effect, the electrical
resistance of Pyrex, lead, and borosilicate glasses is lowered by more
thin 50 percent for radiation doses of about 2 • 0,17/'neutrons/cM2.

This phenomenon is analogous to thu moderate ,hardening of glasses.
If prehardened glass whose initial resistance was below that of anneiled
glass undergoes irradiation in a reactor, some,.Aise in resistance i s
observed. Thus, both hardened and annealed glasses acquire approximately
identical electrical resistance values following irradiation. These
effects are removed by annealing at relatiVely low temperatures ýas low
as 7700 X).

In the studies by hýrenberg et al/. [24], it was shown that the current
recorded for large ntumber of glasse*i/irradiated with cathode and gamma-
rays does not exceed 10-11 a at vol'tages up to 500 v. At the same time
Belyavskaya [25] reported that t4e emf induced in sodium silicate glass

.(20 percent NayO) by gumma-irradiation yields a current of 10-9 - 10-7 a,
2/

where the current is stabilized in the region of large applied stzrsses
(approximately 1-2 kv). 5amples of quartz glasses of different grades
,yield current values up to 10"7 as a functcn of radiation dose inten-
sity for a voltagV of 2000 v [261. Current values for different graces
of qt-artz glass diI.l'er by two orders of matnitude [26], end the presence
of irpurities of metal oxides lowers the induced conductivity re-!], This
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relationship has also been not~i by Belyavakaya £25]: pure grades 6f
quartz glass change electroconductivity to a greater extent. But the
presence of hydroxyl ions in quartz glass intensifies the effect of irra-
diation on the electroconductivity.

This dependence of radiation stability on chemical composition is
caused by the phenomena of the initiation and breakdown of electron and
hole oapture centers. The presence of additivea affecting radiation-
optical stability alters not only the heat-stimulated current, but also
its direction. For example, in glasses containing cerium oxide additive,
when heat-stimulated electroconductivity was measured atfirst a current
opposite to the applied voltage was present. When the temperature was
raised it was increased and after passing through a maximum drop to zero,
after which it took on the opposite direction. At 550-3700 K the tempera-
ture dependence curves of the current approximate the curves recorded for
unirralAated glasses. As the Ce0 2 content was increased the reverse current

spikes were stronger. At the same time, electroconductivity for irradiated
glasses not containing CeO, varied according to the cubic parabola as a
function of temperature [16]. The temperature at which the reverse current
has a maximum and the area bounded by the reverse-current curve and the
temperature axis depend on the total value of the discharge current.

Potakhova [27] indicates that gamma-irradiation leads only to an
increase in the current established after glassy silica no longer is
irradiated. At the same time the irradiation of monocrystalline quartz
produces not only an increase in the absolute current, but also a rise
in thr time needed for it to reach its steady-state value.

V.'e chemical composition of glass has a marked effect on changes in
elp.Lroconductivity. Irradiating lead pr'.tective glass with a dose of
105 - 107 r [28] is accompanied by an increase in its resistance, while
it is reduced in moderate-density glasses.

Semiconductor glasses of the system U2 0 -P205 are resistant to gamma-

irradiation with a dose up to 1O8 r and to neutron irradiation -- with
a dose up to 4 1 1017 neutrons/cm2. With increase in radiation dose
specific conductivity begins to rise, producing a 10 percent increment
[29].

5. Effect of Radiation on the Dielectric Properties of Materials

When en irradiated dielectric interacts with a variable electrical
field, just as in processes of electroconductivity, we must differentiate
phenomena occurring directly during the irradiation period from residual
radiation effects. The extent of their interaction cannot be predicted
in advance, therefore the absence of changes in the dielectric charac-
teristico following irradiation still does not indicate that the para-
mctero are stable and pr'-v JU[J ,n grounda for recommending the use of
the 4,t..ri ln unda r 4 e t -4,n ,'o~d .. .
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Dielectric losses and depolarization of charges depend on the packing
density of structural elements, that is, on how compactly the minimum
potential energy sites are filled and how deep the minima are. Structurae
distorticns arising owing to irradiation can lead to some enery nonidentity
cf particular regions of a solid, thereby causing supplementary polariza-
tion of electrical charges. Conditions for the movement of weakly bound
ions in restricted volumes are produced in a distorted lattice, which gives
rise to dielectric losses. Since dielectric polarization and dielectric
losses, depending on the frequency of the field ana the temperature, proceed
via a different mechanism,and naturally different radiation damage manifests
itself in any particular temperature-frequency range.

The formation of electrons and holes leads to the appearance in an
irradiated dielectric of new electrical transitions often with extremely
low energies of activation, which produces soi:& increase in dielectric
losses. This phenomenon was noted by Stevels [50] who measured dielactric
losses of monocrystalline quartz irradiated with electrons and x-rays, at
a frequency of 32 k*'z in the Lw temperature range. No increase in dielec-
tric losses occurred in quartz giqss and multicomponent glasses, in spite
of the formation of color centers.

Comparison of radiation changes in dielectric properties of quartz
and quartz glass enables us to trace the effect that the structure of a
material has on its radiation resistance. Measurements made directly during
x-ray irradiation showed that the rise in the dielectric loss angle for
monocrystalline quartz is much greater than for the monocrystal or for
quartz glass [31j. The increment becomes greater as the frequency is
reduced (Table 28).

The frequency dependence of changes found enables us to relate them
to the increase in the electroconductivity after irradiation. The dissimilar
increase in conductivity for equal amounts of freed photoelectrons in
fused and in monoorystalline quartz can be accounted for by the different
conditionz under which the current carriers move. The length of the free
p&.th of carriers becomes less as we go from monocrystalline to polycrystal-
line and amorphous states [32]. This function was observed also for gamma-
irradiation [27); here it was noted that change in the dielectric proper-
ties of natural quartz contaminated with impurities is cnuch weaker than in
pure synthetic quartz. (uartz glass at these frequencies remains virtually
stable after irradiation.

The change in dielectric permeability of monocrystalline quartz that
results in higher capacitance of a sample durdng its exposure to gamma-
irradiation indicates the manifestation under these conditions of a supple-
mentary polarization process, which may be, according to [27],. the polariza-
tion of Compton or photoelectrons captured by traps. Ghesney and Johreon
[33 stated that changes in the dtelectric properties of quartz glass
subject to reactor irradiation are unrelated to the initiation of color
centers. Otherwise saturation would be observed in the region of 1016
neutL'u,//cirfl, which corresponds to saturation oi the optical absorption
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TABLE 28. DIELECTRICAL LOSSES OF FUSED SILICA
AND MONOCRYSTALLINE qUARTZ

~ ~ .IC 1"'i, i jt, -W -4 -
D!

114ac ra u C ni.131AejloicO jKpoUiIc3cm.1 ID MoftokpiieT8.17it, cexoro

30 5 7 42 W000102 4 • 5,.'5 40 1O00

103 1 3a 4.5 35 160

KEYs A -- Frequency in Hz
B -- Dielectrical losses
C Of fused silica
D -- Uf monocrystalline quartz
E -- Initial

F-- Irradiated

TABLE 29. CHANGES IN DIELECTRICAL PROPERTIES
AND DENSITY OF qUARTZ G"9S AFTER RACTOR

IRRADIATION [33]

0 3,8 0,1 0,2:.0,1 2,190
(;. 101 3,7 v0,1 0,2; , 1
2,it'' - 0,4 . --
6. 10' --. 6- 0,5 2,216
2.V10 , 0,1 14 1 2,2-M
5.10" 3,61.O,1 18 1I 2,241

KEYt A -- Dose in neutrons/cm
2

B -- Density in g/cm2

TABLE 30. CHANGE IN DIELECTRICAL PROPERTIES
OF ALPHA-CORUNDUM RESULTING FROM REACTOR

IRRALDIATION

j[(, 3 ,1 Tp( N/cN' p tIg 86 -(14

0 0,20, 0,310,1
6. 10i, 12 0, 3:L0, 1

2.109 , 0,b7!:0, 16.1017 8,9 : 0, 4i0,5
2.101" Q.,14 -0 1 2 0,25
5.1 1

9  81,3. 0, 1 j0,25

KUY: A -- Dose in neutrons/cnl
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hand. Tho authors of the work [34] relate thp rise in dielectric loa:•;f.rj
at a frequency of 1 M7z to the inception of oxygen and other vacancies.
As follows from Table 29 [33], change in dielectric properties is not
related to change in the density of quartz glass, which was mentionea
earlier by Zubov and Grishin [54].

The above-noted frequency dependence of dielectric properties results
in fused silica proving to be insensitive to neutron irradiation in theJIH range [35].

As for dielectric losses, corundum is less sensitive to irjadiation
compared with quartz. Still, its dielectric permeability at 100 RZ varies
within the limits 10 percent (Table 50, [33]).

21 2
Very high integral beams of thermal neutrons (10 neutrons/cm and

higher) have a very appreciable effect on the dielectric properties of
corundum. These radiation defects are persistent and are not annealed at
elevated temperatures [20].

Paymal [25], conducting an extensive study of several glasses subject
to irradiation in a reactor, derived the dose function of changes in their
dielectric properties. Here he noted an appreciable rise in losses in the
UHF range for relatively small radiation doses (Fig. 64), while changes
in dielectric permeability for the same doses do not exceed 1 percent for
Pyrex and somewhat higher (up to 1.5 percent) for lead glass.

Restoration of certain properties takes place ifter heating to 7700 K,
that is, in the annealing temperature range. Here dielectric losses of
irradiated glasses increase markedly at the beginning heat treatment, but
then drop down to their initial values.

The reason for the changes in dielectric properties upon reactor
irradiation is held by Paymal to be the inception of "hot zone",that is,
regions with excited state in which potential wells containing alkali
cations are modified. Still there are reports that dielectric properties
of glass condensers subject to reactor irradiation at a dose of 10 neu-
trons/cm2 are stable [36].

Our investigation [yj] of dielectric properties of reactor-irradiated
pyroceramics, in particular, two lithium aluminum silicate, aluminum manga-
nese, and aluminum borosilicate pyroceramics, conformed to the dependence
found by Paymal: change on dielectric properties of the first three pyro-
ceramics in the range 10 - io7 Hz is strongly manifested at weak radiation
doses. The absence of any appreciable changes in the dielectric properties
of aluminum borosilicate pyroceramic is explained by the absence of alkali
cations in its composition. Changes caused by irradiation are reversible
and are eliminated with annealing.

The stability of dielectric properties of ceramic; materials depends
on the chemical composition and the pzopertie. of the ceramic. There are
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Fig. 64. Change in dielectrical losse6
of Pyrex i and lead 2 glasses at a
frequency of 9000 MHz as a function of

radiation dose
KEY: A -- Relative change, tg S in % 2

B -- Radiation dose in 1017 neutrons/cm2

reports that no changes in ca acitance of ceramic condensers occur after
irradiation with a dose of 10b neutrons/cm2 [381. At the same time, gamma-
irradiatiin of B-1 ceramic with doses upwards of 106 r noticeably modifies
its dielectric properties; relaxation losses become less, but conductivity
losses mount [591. After irradiation with decelerating gamma-rays from a
betatron at a dose of 4.8 * 104 r, trie aielectric properties of B-10 ceramic
were unchanged [;9]. Irradiation of ferroceramics in a reactor with doses
up to 1017 - 1019 neutrons/cm2 led to an appreciable change in the dielec-
tric loss angle, and in some materials -- even to tie appearance of a
relaxation maximum on the frequency function curve [40].

Extended (three months' long) irradiation of barium titanate in a
reactor caused the ferroelectrical properties to disappear; dielectric
permeability was reduced by a factor of 2. The authors of this study [41]
maintained that the noticeable change in the properties of the ceramic
associated with structural disruption is possible only f r neutron irra-
diation. For gamma-irradiation with doses upwards of 100 r, the change
in the dielectric properties in a weak field is caused by the formation of
color centers in the glass phase. This produces some reduction in relaxa-
tion losses and an increase in conductivity losses. In the range of strong 7
fields (2 kv/cm) at the time of gamma-irradiation even a small dose --
approximately 104 r -- leads to an abrupt rise in dielectric permeability
and losses owing to gas ionizing in the pores of the ceramic.

The relationship of' changes in dielectric propert4es and the formation

of color centers is emphasized in the work [42], where correspondence of
the spikes of the temperature dependence of dielectric losses at 500 kHz
and thermal luminescence of the titanates of magnesium and strontium irra-
diated with x-rays was discovered. On attaining the temperature of the
thermal luminescence spike, the pattern of the temperatire dependence of
dielectric losseu agrees with the pattern of this funutivoa for the unirra-
diated sample.
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Chane in the radiation dose intensity affects the esults of measure-
ments made of dielec.tric properties immediately during irradiation. Thus,
a dose intensity of 400 r/min, when muscovite and phlogotite were irradiated
in a betatron, caused no changes in the temperature dependence of dielectric
losses. Raisinj- the dose intensity to 1000 r/min for the same radiation
doses (5 . 104 r) leads to the shape of the curve being modified. 'Tese
changes become greater as the frequency is lowered, and tg 8 and e of
irradiated micas are lower in the low-temperature re ion than initial values,
and vice versa -- in the high-temperature region (41.

I

I
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CHAPTER TEN

EFFECT OF RADIATION ON THE STRUCTURE OF
MATERIAL

1. Change in Phase Composition of Materials When Irradiated

Phase and structural changes in glasseB, pyroceramic, and ceramic
materials induced by nuclear radiation depend essentially on the kind of
radiation exposure and the nature of the material irradiated. In spite of
quite a large number of experimental data, thus far there is no clear
answer to all problems of the relationship between the radiation 6tability
of materials and their structure. Several experiments inuicate that the
radiation stability depends on the type of bonding, density of packing,
and type of crystalline structure of the irradiated material [11. In ionic
structures, owing to the symmetric electrostatic bonds between particles,
change in the mutual arrangement of the latter do not lead to bond rupture,
but diffusion and annihilation of defects are facilitated. Confirmation
of this kind of "crystallochemical" concept is the fact that as the ionicity
of bonding is reduced, resistance to fast neutrons decreases in the series
Be-O; Al-O; Zr-O; and Si-O [2]. It has been noted that more compact and
symmetric structures have higher radiation stability.

In contrast to quartz, coecite. for example, with a density of 20
5.01 g/cm3, does,not change its structure at a radiation dose of 2 . 10
neutrons/cm2 (3]. Irradiating anisotropic crystals is accompanied by
anisotropic changes in their crystal lattice, which makes structural
disruptions more extensive. A large number of displacements leading to
the distortion mainly of one of the cell parameters caused the amorphiza-
tion of beryllium, topaz, and zircon when irradiated with a beam of
6 . 1020 neutrons/cm2 [41. One feature of phase transitions under the
effect of nuclear radiation (mainly reactor) is the formation of more
symmetric structures. Monoclinic zirconium dioxide, when subject to
neutron irradiation at a dose of 3.6 • 1020 neutrons/cm2 , changes into
the cubic modification, whose tEmperature field of stability lies above
21700 K. In the presence of a small amount of impurities stabilizing the
cubic phase (V, Cr, Ta, and so on), transformation occurs under conditions
of moderate irradiation. The cubic structure parameter is noticeably
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larger than in ordinary stabilized zircon. Tetragonal crystals of the
titan~tes of beryllium and lead, and also potassium niobate undergo a
transformation as the result of irradiation, initially leading to change
in cell parameters, bu-. then also to total transition to the high-tempera-

ture cubic structure [4].

According to the crystallochemical concept, phase transformation is
poesible only when it takes place viR displacements of atoms under the
effect of radiation and does not require the fundamental rearrangement of
atoms [5]. Modification transitions occur through the accumulation of
ordered displacements associated with the initial and terminal positions
of atoms. Based on similar views, we can explain the phase .ransformations
of quartz observed after neutron irradiation [6].

By comparing changes in the crystalline structure of several oxides,
carbonate , and titanates after iiTadiation with a beam of fast neutrons,
2.8 • 1019 neutrons/cm2 at 5550 K, with structural changes upon heat tr-aat-
ment, Hauser and Schenk [7] concluded that it is the displacements that
have the determining role, and not the thermal effects of irradiation.
At the same time it was noted that in the presence of even a small amount
of impurities fissioning upon irradiation with the release of quite large
quantity of enerdy, the crystalline structure of certain materials begin
to undergo changes at lower radiation doses. The structure of tourmaline 2
NaMgZB 5 • Si 6 02 7 (OH) becomes amorphous at a dose of 7.8 • 1019 neutrons/cm

owing to a nuclear reaction at the B0 isotope. The nuclear reaction
products dissipate significant energy at short distances, which leads to
phase transitions in the region of thermal spikes [4]. Possibly, the
transition of monoclinic baddeleite into the cubic form is related to the
presence of a small amount of uranium that is an accessory element to
zirconium [4].

In contrast to the concepts emphasizing the role of the initial struc-
ture and the crystallographic ratio between it and the induced phase in
the manifestation of radiation stability of a material, at present in-
creasing confirmation is being found for views stating that the stability
of a structure determined only by the presence in it of metastable high-
temperature phases and by the possibility of the transition to their
stability region under radiation ccnditi(n This kind of "thermodynamic"
concept was advanced by Prinak based on study of phase and structural
changes in large number of crystalline materials (beryl, germanium dioxide,
germanium, silicon, aluminum, rutile, fluorite, periclase, spinel, diamond,
carborundum, chrysoberyl, phenacite, and quartz) [8-9]. The cause of
phase tryngitions is to be found in thermal spikes, as a result of which
a temperature and pressure essential for transformation into the modifica-
tion corresponding to these conditions are provided in certain bounded
volumes.

In contrast to experiments described in the study [5], Elston [I0],
based on a study of phase composition and ntru•t.i- -f crystalline oxides
of aluminum, magnesium, beryllium, silicon, and glassy silica irradiated
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in a reactor at 3535 K, showod that damage is quite limited if the struc-
ture of the oxide is stable throughout the temperature range all the way
up to the melting point and the sites of localization of mixed ions have
the same coordiration as in normal ions. In contrast, the damage is
greater if new types of crystalline structure of a given material exist
at a high temperature. In this case neutron irradiation at 3530 K causes
the same effect as a temperature rise.

As far as we can sce, both mechanisms of phase transformations upon
irradiation can take place, however the predominance of a particular
effect is determined by the phase composition of the material irradiated.

In all cases of phase transformation under the effect of thermal
spikes, the high-temperature phase is characterized by high density (at
least the density remains unchanged) [11]. Tee Clapeyron-Clasius equation
will serve as a criterion for the possibility of a phase transformation in
irradiated material:

dT/dp (vHT - VLT)/Sl

where T is the temperature in 0 K; p is the pressure in dynes/am2 VHT

I's the molar volume of the high-temperature phase in cam/mole; VLLT is

the molar volume of the low-temperature phase in cm3/mole; and S is the
entropy in cal/deg.

When the high-temperature phase is more dense, VHT <VLT (dT/dp) <

<0, that is, the phase transformation temperature decreases. Since the
ressure within the thermal or structural spike is 2 • 1010neutrona/m2

112], the phase transformation temperature must be reduced by several
hundreds of degrees.

The study [13] indicates that the transition of quartz into the high-
temperature modification can occur at 4750 K. Roy and Bushmer [13, 141
discovered a drop in the alpha-quartz -I beta-quartz transformation tem-
perature from 849 to 8380 K after irradiation vwth a neutron beam of only
2.4 * 109 neutrons/cm2 . The transformation temperature of alpha-cristo-
balite to the beta-form after this irradiation regime was lowered from
533 to 4150 K.

Irradiating calcium orthosilicate, gamma-Ca 2 SiO4 , with a dose of

il7 sneutrons/cm increase the amount of the beta-form, which is denser,
and this transformation took place at a temperature somewhat below the
temperature in ordinary conditions [I1]. A similar pattern is observed
in the transition PbO (litharge) -- FbO (massicot) [13].

A dose of 6 • 1019 neutrons/cm2 causes the transformation of' quartz
into the high-temperature modification [5], thouigh more recent studies
showea that the structure resulting from irradiating quartz with doses
of (5-6) • 10'9 neutronz/cm 2 is not ordiLary' b-ta-quartz [!io T-rarnformaa

tions of quartz into cristobalite irradiated with a beam of 2.4 • i*14
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I
neutrons/cm2 at temperatures of 1420-18000 K has not been observed, since
at temperatures this high the radiation damage is annealed [14).

A
Results found by Roy and Buhsrer in the transformation of irradiated

quartz to coecite and of irradiated coecite into quartz [15], and also
in the crystallization of irradiated quartz glass in a field of quartz
and coecite showed that due to the initiation of a special structural
state upon irradiation, all phase transitions become facilitated, and the
increase in the rates of transformations demonstrates the analogy be ween
the effect of neutron bombardment and the effect of increasing the tempera-
ture. A dose of 2 • 1020 neutrons/cm2 causes devitrification of quartz
glass, with the segregation of PbO2 [16].

Phase transitions and structural changes induced by neutron irradia-
tion of several silica modifications have been studied in close detail at
the p:esent time. Based on the work [12], three stages of radiation
damage to the silica structure are differentiated:

1) the appearance of point defects leading to weakening and rupture
of Si-O bonds and to change in the near order of tetrahedral

2) conversion of alpha-quartz into the high-temrperature (or a similar)
modification; and

3) amorphization with the preservation of some symmetry of the host
crystalline matrix.

Structural damage in the first stage of irradiation, in the view of
some authors [17], amounts to a change in the !ji-0-Si bonding angle. In
the view of others [18], the change in the bonding angle between tetrahedra
is impossible without change in the Si-O distance. Displaced silica atoms
are mainly oxygen atoms, on advancing into a small volume, cause a cascade
process -- a displacement spike or a thermal spike. This leads to the
temperature in this region being raised to 27700 K during a period of
about 10-12 sec [19]. Thus, even at early stages of irradiation thermal
processes and related modification transformations in thermal spikes
begin to come into play. Phase transitions at the second stage of irra-
diation (doses of 1019 - 1020 neutrons/cm2 ) were discussed above.

At high doses (more than 10 neutrons/cm 2), crystalline modifications
of silica are observed to become amorphized. Initially small amorphous
zones, about 2 nanometers in size, appear [20]. AE the radiation dose is
intensified, the number and dimensions of the amorphous zones rise (their
diameters are 8, 12, and 21 nanometers ond more and the volumes occupied
by the -ones are 0.8, 4, and 9.ý percent of the total irradiated volume
at doses of 1019, 6 - 1019, and 8 • 1019 neutrons/cm2 [21]). When the
doses are stronger than b • 1019 neutrons/rm2, trese domains begin to
interact, and stable hexagonal defects observed in an electron microscope
are formed. The concenitration and orientation of these defects, in the
vipw of the author of [22] indicate the possibility of structural rearrange-
ments taking place simultaneously according to the mechanism of displacements
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and thermal spikes. A dose of 2 • i020 neutrons/cum2 transforms cry:;ta]-
live quartc into the isotropic form with the symmetry of the high-tempera-
tu-!e modification [25]. irradiating rods of sintered quartz glass con-
taining 5ome cristobalite, with a dose of 4 • 1020 ne-trons/cm2 causes
cristobalite to become amorphized [24].

Thus, all known experimental facts showed that formation of submicro-
scopic amorphized domains accompanied by change in the surrounding crystal
lattice is the dominant type of process causing phase changes in irradiated
quartz and its modifications.

The source of thermal spisas in which mainly structural and phase
changes are localized are t.ne heavy particles, either bombarding the target
from without or else formed through reactions of nuclei with neutrons.
The thermal spike in this case is a particle track, that is, a section of
the material lying along the particle's trajectory. The modified struc-
ture of the material in the tracks enables the tracks to be manifested
after etching, and then to be observed in an elctron and even in an 4
optical microscope [25]. Track diameter and length depend on the kind of
bombarding particles and the energy dissipated per unit path length. Light
nuclei of hydrogen and helium do not produce tracks in minerals 126].
Lithium nuclei, when releasing energy of about 1000 ev/nanometer, produced
detectable tracks in certain structures [27]. The most typical tracks
are produced by bombardment with the fission fragments of uranium nuclei
[27, 28]. In this case observation in the electron microscope of etched
samples enables tracks with length from fractions to sever.l tens of
nanometers to be differentiated.

There is a well-defined relationship between the density of tracks
in a volume and the degree of phase changes noted by x-ray diffraction
patterns or in some other manner [21, 29J. At the same time, the possi-
bility of recording tracks depends to a greater extent on the structure
of the material (uniformity and grain size) and is uncorrelated with the
extent of phase changes. Tracks are recorded more easily in glassy or
fine-grained materials than in coarse-grained materials. This phenomenon,
and also the fact that the diameter of track observed, regardless of the
nature of the material (BeO, A1203, or Th0 2 ), usually corresponds to the

size of the grain of the irradiated material is associated with the
loss of thermal energy owing to its dissipation at intergrain or inter-
phase boundaries [30, 31].

Natutyally, phase transformation are observed also after bombardment
with heavy particles. The difference between the results of this kind
of irradiation lies in the thickness of the degenerate layer. These
phase changes are observed when crystalline quartz is irradiated with
40 key heavy xenon ions. A dose of 4 .1013 ions/cm2 produces some amor-
phization in the surface of quartz, bt a dose of 2 • 1016 ion•s/cm 2

results in the inception of an amorphized layer, although differing in
x-ray diffraction characteristics from glassy SiO2 [32]. The author of
[52] believes that anisotropy of expansion and low atomio packing denzity
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are essencial for phase transformations: irradiating anisotropic oxides
Tic02, A12 0P, and U08 transforms them into the quasi-amorphous state [53].

When the surface of glass and ceramic is bombarded with Xe, Kr, Ar,
and Ne ions at different angles, it is possible to observe different
cross-sections of ellipooidal thermal spikes, whose major axis is oriented
along the ion track. The central region of this spike proves to be
depleted of mobile weakly bounded ions (Na, K, and Al) which are injected
into the lattice at the periphery of the spike [54, 35). A similar,
though somewhat weaker effvict is observed when glass is irradiated with
alpha-particles emitted bl radon, each of which releases about 105 cal/Om5

within a track volume [56 J, corresponding to a temperature rise of the
order of 104 deg during a period of about 10-11 sec. Naturally, chemical
and thermal changes occurring in traps lead to different chemical stabi-
lity of matrix and of sections that have been exposed, which reveal the
nonuniformity of radiation damage to material caused by etching and the 2
subsequent observation in the microscope [57].

Reactor irradiation of several refractory ceramic material (the
ceramics 22•S, M-7, MG-2, and uralite) at 4700 K with doses from 2.2

*019 to 1020 neutrons/cm2 at a neutron beam intensity of 1.2 • 1015 neu-
trons/cm2 . see and a gamma-backgrouxid of 1.1 - 104 rad/sec enables us
to conclude that these materials ard resistant to this exposure. Changes
noted in the parameter of tA.c alpha-Ai2 0, lattice (221W•, 14-7/ and weaken-

ing of the diffraction maxima of anorthite and celsian (MG-2, uralite)
were very weak [38).

in cordierite ceramic materials, the amount of crystalline phase
determined roentgenographically, decreases as the result of reactor
Irradiation [39). According to [15, 40], nu changes were observed in
the x-ray diffraction pattern of hot-pressed and monocryostalline aluminum
oxide after being irradiated with integral beams of 2 * 1020 neutrons/cm2

at 305-3100 K. However, in the study 141) an increase in diffusion scatter-
ing in the Laue diffraction pattern of corundum irradiated with the beam
of 5.5 • 1019 neutrons/cm2 at 3500 K was detected; this increase can be
eliutiated by annealing at 14700 7.¶

Our x-ray diffraction pattern study of polycrystalline aluminum
quartz irradiated in a reactor with an integral beam up to 8 * 1018 neu-
trons/cm2 showoc no changes in phaEce compobition, Our x-ray diffraction
pattern, petrogiraphic, electron microscopic, and also dilatometric
,9tudi#, efnable ut to find changes in the phase composition of irradiated
pyroc,,ramJcn; if several phases differing in ,ryatallization temperatures
wr.-ro presrent, low-temperaturo phase- broke down and high-temperature
phases became cry tallized. Breakdown of low-temperature beta-eucryp-
tits solid solutions occur, and to a greater extent if the solutions
are in a mJxture with high-t,3mperature crystallization producti, and if
an the result of recryatallization high-temperature modifications and
cristobalite are formud. In aluminum-magnesium pyroccramics where
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cristobalite is the low-temperature phase, the cristobalite content be-
comes reduced after irradiation. There are no chancres in phase composi-
tion in the borosilicate pyroceramic IV-25, whose crystalline phase is
mullite, since higher temperature phases do not exist in tne system
(42-45].

As remarked, the radiation stability of crystalline phases depends
on ian1y fadtors; however in the case of pyroceramics which in themselves
are motastable systems, evidently the stability of crystalline phases
is' dtermined primarily by their stability at temperatures bui]ding up

-- in thermal spikes upon irradiation. Hence the determining role of thermo-
dynamic stability of phases at the temperatures of radiation heating of
domains of the material is confirmed. The authors of [54] reached these
same conclusions based on a study of phase and structural changes in
glasses and ceramics irradiated with ions of inert gases. Results of
this investigation afford the conclusion that the predominant role in
the changes occurring in the structure of crjstalline bodies at low enerf-i
of bombarding particles is mainly that of the relatively uniformly dis-
tributed displacements, and the thermal spikes or displacement spikes
begin to play a marked role as the particle energy is increased. But in
amorphous glasses, nonuniformity of radiation exposure determined by the
presence of spikes is observed at all energies.

All the above-described phase transitions in various materials are
caused by strong radiation exposure to fast neutrons or nuclear fragments.
However, we were able to observe phase changes, namely some increase in
the quantity of crystal 4ne phgse in pyroceramics irradiated with gamma-
radiation at doses of 102 - 10 r [44, 45]. Evidently, this phenomenon
is not merely accidentally noted in pyroceramics, since a heterogeneous
metastable pyroceramic system is particularly sensitive, phasewise, to
exposure of even relatively small amount of energy in any form - thermal
or radiational. The possibility of a glass crystallizing when exposed
to gamma-rays has been reported earlier (46] (the irradiation of a glass
with the composition BaO • B2 05 . PbO, at a dose of 108 r, leads to de-

vitrification).

2. Change in Density and Volume of Materials When Irradiated

Change in densif s one of the more important indicators of radia-
tion damage suffers I a material (Table 51).

Naturally, density changes are related primarily with structural
changes, in particular, with an increase in cell parameters; for example,
a change in the density of sapphire (by 10 percent) is associated with
a 0.5 percent increase in the cell parameter a, and a 0.45 percent in-
crease in the cell parameter 3 [48], recorded by x-ray diffraction pattern.
The density of alphs-corundum irradiated with an integral beam of 1019
fast neutrons/cm2 at 5100 K ij reduced by 0-.1-0.15 percent (49]. A de-
crease in the density of uapphire reaches saturation at 10?' neutrons/crnY,
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TABLE 31. EFFECT OF IRRADIATION ON THE DIJEN:ITY
OF MATIRIALS [441

'
1

r, ~~I t,1II'.WCTb ?IL 34r.

IIC7C4A!:0I 3 0 .,y He'4( ro

F 3 1 3,(J
LC.JTHlIp ............ 6"I( 279J• ,9

J .I 7. U l* 2,44j '2I, 5
Till,.c................... .lO: 4,03,Zr( ). . . . . . . . . . . 0'• 2,73 2,3H~;rl . .. .. . . 7.101• 2,79 2, 7C

Ku;,p1•cu~7- 1111V, 2,' . 7.I)uv 4 2,'235
"fiO• ~ ~ ~ 1 -.. . . I" 01•3 4,0 i 39

OKx tI;o¢ c-reK.10 " S. 10", 2,309 2,53
4.- IU0 3.41 3,39

C:J,.I 1. . . 2.100 2,84 2,44
4101pcK pNIT C 0. . 3,05 3.03

KEY: A -- Material
B -- Dose in neutrons/cm2

C -- Density of material indicated below,
in g/cmS

D initial
E - irradiated
F -- sapphire
G -- Spinel
H-- Steatite
I - Quartz glass
J - Window glass
K -- Porcelain
L -- Mica
M -- Forsterite

hit after heating to 16700 K it is completely eliminated. The change in
cell parameters takes place at constant c/a ratio up to 3 • 1020 neutrons/cm2 ,
and then the c parameter begins to increuse rapidly. In spite of the over-
all reduction in density, electron-microscopic study of irradiated sapphire
reveals the presence of consolidateci domains 0.15 narometer in diameter,
whose dimensions increase with doge [50].

Of particular interest are changfs in the den5ity of crystalline
quartz and quartz glass. An integral beam of 7 " 1010 neutrons/c. 2
causes the density of alpha-quartz to be reduced from 2.65 to 2,49 -g/cr2 ,
that is, by 6 percent [12]. Increasing the integral. beam up to 1.4
1020 and 2 . 1020 neutrons/cm2 leads to a change in density of 13 and
14.7 percent, respectively [51, 52]. At the same time quartz glass1 be-
comes consolidated when irradiated. An integral beam of 't - 101 fast
neutro/cm2 yields a 0.3 percent consolidation [531, while a beam of
7 * 10 neutrons/cm2 results in a 2.3 percent greater consolidation [48].
A 0.37 percent decrease in sampling and a 1.1 percent increase in density
was achieved for pressed .lassy silica after iriadiation with a beam of

,020 reutrons/crCU- L.'4 J. 3aturation of densty changes in quartk. glass
occurred at 4 . 1020 neutrons/cm2.
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Tht, inf,:',,ase in tQca ty of quart,.- i wl,.:n iroAdi a tea (doe:i riot
lead to cry.-ota1iization, eviaenced by the x-r'ay d Jjfraction pattern. Accoru-
Img; to 't,. w",rt L", bu] cfiri:es occlir fln i, quuf t ,•c witi- irr•udia-i'C,
in a ractr are due to three procease:;: nonuniformrj c(,nioiiuation on expo:jure
to fan t neutrons (to 5 1019 neutrons/;/cmŽ) I liihotoenizv.aticrn (up to 1.(3
neutrons/cTa), ane: uxpansion caused by ionization effects, which are notice-
able at low doses, but then this expansion changja into coiipressxon.

ZI

4!

^ ! 5' . , 12 20 2! It
* A

Fig. 65. Change in linear -j
dimensions of quartz giasus
after gamma-irradiati(,n.
Dose intensity as below:
S--6 - 105 r/hr
2 -- •.7 • x,05/ hr
KEZY: A -- Relative tinge

in length
B-- Radiation dose

in 'u-' r

.reactor irradiation of quart-, glass previously compressed at higt1
pressure, as well as x-ray irradiation, causes a decrease in exi;,&irig consoli-
uation. On this basis, ionization prouesses leading to electrostatic repul-
sion of ionized ions are resorted to in explaiining tnt expansion [56], that
is, change in interatomic distancen and mutual ar.rangvament 0' tetrahedra.
However, exposure of quartz glass to ionizing radiation is also dcoompaniec
by consolidation, which is dose-dependent,. An increase in the density of
quartz glass of different grades after uxpouure to electrons, z-, and gamrrja-
rays has been noted in the study [57], A more com.plicated cdose dep..nde.u
of the density of quartz glass irradiated wits gamma-radiation was obtained
in the work .58] (Fie. 65).

Paymal et al. [59] investigated the change in the density of large
numier of glasses containing not less than 1 percent B2039 ss a function of

their chemical composition and the neutron radiation dose. The principal
role in the effects observed by the authors are attributed to the heavy
particles initiated in the nuclear reaction 1 10 (n, a )Li7, where exposure
to these particles leads to two compe.ting, proceesesz an increase in density
in the external regions of' the thermal spikes, and hardeni rig, accompanied
by disintegration in the internal domains of' the thermal spikes. The satura-
tion dose for the first process is five-ten times weaker than for the second.
According to the mode). advanced, the thermal spiks zone is similar to a walnut
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with a loose ktirner and a hard shell. IXepenofng o- how mueh volume is
occupied by the kernel or the chell, either conso].Jd4tion or reduction in
the density of glass is observea after irradiation. '!-,v chemical compnoition
of the g•ass has the same effect on the consolidation of glass that ha:, bLec.n
irradiated, as for glass exposed to high pressure, that is, the effect dimin-
ishes with increase in alkali constant [59, 60, 61]. If prestressed Pyrex
is irradiated, this consolidation will be less.

Obviously, the density changes accompanied by a change in the volume
of the sample. Shrinkage of a Pyrex gluss sample 50 mm long when irradiated
with a dose of (7-8) • 1018 neutrons/cM2 and an interait• of I . 1012 neu-
trons/cm2  sec is 2730 nanometers according to the study L62], but 1700
nanometers -- at an intensity of 1.9 • 1015 neutrons/cm2 - sec (this depen-
dence on dose intensity is possibly related to the radiation heati.,g of
the sample). More appreciable consolidation (5.3 percent) is observed for
Vycor glass at a dose of 5 " 1018 neutrons/cm2 [59].

According to our measurements of the density of pyroceramics of different
compositions irradiated with doses of 101i - 101 neutrons/cm2, the principal
effect of irradiation is an increase in the density of boron-containing
materials and a reduction in the density of nonboron-containing materials.
However, at moderate doses (1016 neutrons/cm?), & change of an opposite
nature is observea. Gamma-irradiation with doses of 5 • 108 10O r do not
cause detectable changes in density of the same pyroceramics ano. of the
glasses K-8, LK-5, K-108, window glass, and glass 13 v.

At the same time, the report [61] notes that Terex glass used in mercmory
lamps (80 percent SJ.0, 13 percent B 0/) 4 percent NUA20, 1 percent K 0, anti

2 percent A120I3) is consolidated by 6 - 10-3 g/cmin after extended ultraviolet
irradiation.

Interferometric measurements of polished samples of polyorystLlline
materials expanded after irradiation showed tnat depending or, the radiation
dose, the irradiated section of the surface is observed tc, rise over the
unirradiated surface. The height of the protrusion (in nanometers) at the
surface of certain materials irradiated with 140 key protons and 140 key
helium nuclei is as follows [64]:

sapphire 110
spinel 80
rutile 60
peridot 240

A quartz sample irradiated with 100 key protons yield a protrusion
2Ž0 nanometers high. After glaany ý3iO waG irradiated, the sample was

observed to be compressed by 0.') percent in all directions [65].

The irradiatiorn of mono- and polycryjt;tls of' carboinindum, i;apphire,
stabilized and uonoc~inic zirconium oxide, buyllius oxide, quartz, coppjc,
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and graphite with 95 Iev uranium decay products at integral beams up to
5 . 1014 particles/cm2 Laused a bulge in the irradiated surface toward the
radiation source side. An exception was monoclinic ZrO2 , whose surface

bulged in the opposite direction [66]. The bulge increased in the series
MgO-SiO-BeO-graphite-Al 0 -ZrO, -carbon-SiC. Upon annealing, this effect

disappeared more rapidly, the lhl thnr the temperature. X-ray diffraction measure-
men; of lattice parameters shows that the difference in the relative expan-
sion between the extreme members of the series exceeds one order of magnitude;
still, tnere is no lattice breakdown even after the most intense increase in
volume (Sic).

A bulge after neutron irradiation of Pyrex plates protected on one
side with a cadmium shield was observed by Paymal [62], and the bulge maximumS~2
occurred at a dose of 2.5 . 1017 neutrons/cm2

%o)f v52 gives the characteristics of the increase in samples of hard-
pressec C-9 (density 2.98 g/cm3 ), and monocrystals of MgO and AI203 caused

by reactor ipradiatuor, [67].

Xxcjr Tabk._. '2 we see that BeO undergoes particularly intense volumetric
changes, The causes of the BeO bulk expansion have been studied quite closely
Ltt the present.n time, o, lower doses this amounts to anisotropic expansion
of t1e crysitaJ iattice prA,,uclng, with increase in dose, cracking of the
saLpe 8'AJ•.rftjon of gTajr.a along the intergrain boundaries. Both fac-
"tors ,ominate for 2,,w-teuperature; Irradiation. As the radiation temperature
js xWhed, prnoesseB of ';oleuenc of point defects begin to be manifest
anrY vAJC& begine to deforume.d w•$t•n grain3, which are filled with gases
formed it, c.vcear reactionts j cloiderable amount at doses of approximately
1020 neutrorf-5/c?. Then the pp.,-Žs •',. giver, off from thu grains (even with
an explosion/ and caune tne grains to split apart even further. Elston
[68] maintains that tthc volumetrio cx;.rsr.ion of aby material can be repre-
ennted as the sum of tr, part.ial cotrisjbut~ions of individual processes:

-V /,,' . v' ,, v ,. Y Yo .

wheore ( /4v/v),4 is t', u relatire chang 'A (Av/v)R is

the relative clianl i:" volume due tn t-.k ij.ncreas'! in tf.t &.,awtary cell
parameters; (AV/V) i ttj,< 5ame as abovt, ow±r4 to rupt, of intargrain

bound~xris; (AV/V)G is as, above, due to the cidolution of gases; ar•d

(AV/v)3 if; a; above, due to ooaiea',ene, of deeo•ss nA the initiation ,f

voids and loops.

For , ?/'0, AC" a/a, I )w

temperaturef, andJ high rarliatior, doses ( '-sJ2 neu1rc s/s- , ,, tt c/a s tio

s Cur £A.Lgn A:i Iv o',~j wL;±';ri IwSUTut;u e xiaM UCJ 'ni~c



grain boundaries [70]. For compact Be0, an inte[ral beam of (.2-3) 021

fast neutrons/cm2 is the maximum allowable, after which the sample breaks

down into a powder [711, and the powder grain size corresponds to the grain

size in the initial material [72]. Raising the radiatior& temperature

reduces the expansion of the material caused by an increase in the lattice

parameters [73j; however, here gas evolution and coalescence of defects

becomes stronger [70]. Still, the overall expansion of BeO at 3700 K and

an integral beam of 7 • 1020 neutrons/cm2 reaches a value of 6 percent,

while that 8700 and 1170-12700 K, the overall expansion is 6 and 1 percent,

respectively [74], where 20 percent of the overall expansion is related to

the evolution of gaseous helium. Defect cluster dimensions also increase

with temperature. A dose of 6.5 • 1019 - 1.5 • 1021 neutrons/cm2 at 5480 K

causes dark patches 5-7 nanometers in diameter to be formed, observable in

an eloctron microscope; their size becomes 30 nanometers at 770-970 0K [751.

High-temperature irradiation (1270-22700 K) of BeO with doses of

(3-5.5) * 1020 neutrons/cm2 makes it possible to observe clusters of defects

in the form of 20-200 nanometer diameter of loops oriented in the basal

plane or in the 1120 plane, in an electron microscope [76]. The same effect

of clustering of defects oriented in specific crystallographic directions

is observed after annealing at 1170-1770' K of BeO samples irradiated at

low temperatures [77]. Coalescence of defects is observed also in filamen-

ta BeO crystals after irradiation at a dose of 1020 neutrons/cm2 at 16700 K

[78 . Irradiation of monocrystalline BeO with 1.3 Mev electrors at doses

of .) 1020 electrons/cm2 causes a decryase in density by (2.--4) •
io4 g/c, associated only with expansion of lattice parameters L79 . Macro-

scopic growth of polycrystalline BeO samples without transformation takes

ylace upon x-ray irradiation and at elevated temperatures (8700 K) [80].

Fig. 66 shows volumetric changes induced when various materials were irra-

diated in a reactor [68].

The causes of volumetric changes of quartz, quartz glass, and beryllium

oxide were examined above. As for the expansion of oxides of magnesium and

aluminum, they are determined mainly by lattice expansion [68i..

for hexagonal A12 05 crystals

for cubic MgO crystals

SV IT a V ,

The increase in cell parameters in polycrystalline magnesium oxide

reduces interorystallite cohesion, which leade to a reduction in crystal

.ftrength.

With inu;rease in radiation temperature or in annealing temperature of

irradiated magnesium oxide, a deviation is observed between macroscopic

expansion and the increase in the parameters of the elemenuary cell. 71i1
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TABLE 32. CHANGE IN LEpNGTH GO SAMPLES UPON IRRADIATION WITH
NEUTRONS AT 1!i4hGIES HlGHER THAN 1 MNV

BicO .(() 0,72 0,68
; 034• 0,003

A,16(0, 0,)72 I) ,2.7 0,406 0,05_

KEY; A -- Material B -- Relative elongation in % 2
at dose in neutrons/cm

C -- 41020 at 12700 K indicated below

3 4

"" 2 3 -
A.OSQ U l10" Cb,,ui'p 'e•'nlpo:•,ci¢i'

A-?'

Fig. 66. Change in volume of
certain materials after reactor

irradiation
I -- quart,/,
2 -- quartz glass

-- Beo
4 -- jO
5 -- A120

Y};Y: A -- Relative change in volume in 3ercent
B Dose in 1020 fast neutrons/cm-
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is due to the mounting role of the coalescence of vacancies owing to diffu-
sion. At low radiation temperatures and doses, these cffects are weak in
Al 20 and MgO and are caused mainly by displacement spikes [81]. At elevated

radiation temperatures, the concentration of defect clusters in Mg0for f
2 15 3doses higher than 3 • 1019 neutrons/cm2 reaches a value of 10 - 10 cm

for 10 nanometers diameter clusters, and the clusters are in the form of
negative cubic crystals.

A further increase in radiation dose and temperature in the case of
Ijx leads to the evolution of inert gases formed in the reactions Mg(n,or)Ne;
0 6 (n,oL )C13, and their aggregation in pores formed, therefore gas bubbles
have a regular crystalline form. The same result is attained by high-tempera-
ture annealing (1170-20700 K) of MgO crystals pre-irradiated at a dose of
4 " 1020 neutrons/cm2 .

The evolution of gaseous products is a serious obstacle limiting the
surface of materials under irradiation conditions. Radiation stability in
this case is determined not only by the amount of gas given off, but to a
large. extent by the possibility of its diffusion and escaping to the surround-
ing space. In the case of a closed three-dimensional framework, gas diffusing
through a lattice cannot escape freely, and this causes material to break up.
Bht if the material has an open structure, for example, in the form of
layers, the rs is able to collect between layers and to escape from these
cavities [85]. Making porous materials with pores between grains can
enhance their radiation stability [70).

Swelling of materials used in reactors due to gas evolution adversely
affects their service qualities in reactors. At the same time, gas evolu-
tion upon irradiation must be reckoned with in designing electrovacuum
instruments in which ceramics and especially glass have found extensive use.

In one of the first works [84] on gas evolution in this respect, various
gases of commercial and specially prepared compositions coated with a fiia
of metallic aluminum were irradiated with a beam of 20 key electrons. After
irradiation, the evolution of gas bubbles swelling the film was detected.
Chemical analysis results showed that the gas was 95 percent oxygen, and
its amount liberated under identical irradiation conditions was the smallest

for quartz glass and increased as the test was made of alkali compositions
in the series K-Na-Li (that is, with decrease in gas permeability and con-
solidation of the glass structure).

A detailed examination of this phenomenon made by Lineveawer [85]
using electronic irradiation followed by heating to 470-6200 K showed that
the amount of gas given off obeys the following equation

Q h-e iQ -QE .--QTQ= (Q -e, ] ),

where C is the total amount of gas given off in the time t; QE is the amount

of gas given off upon irradiation; Q. is the amount of gas given off with
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.ubsequent heating; K is the measure of the time dependence of the ceufs:•ini

process; and t is the maximum amount of gas capable of being evolved.

Table 55 gives the experimentally obtained 4,, values and calculated

K values.

TIMBE 53. CHARACTERISTICS OF THE GAS EVOLUT-ON
OF VARIOUS GLASSES

NU-I ' Q Q nP° 30JK, 1 q' :" ,c T'' A• C, B A0'K C

217 2.3,1 .1 0i 71 7,7"-27 12,. 77.10 C-[) D
,!" 17, 23,7 7i70 51 i12,5
1,. (1 17i, 2'19 f! 781! 49 1 ,00 1, A3 'j,9 --0

* microliter is the volume in liters at a pressure

of 1 micron flg
KEY: A - Glass grade

B -- Qn at 3000 K, in microliters
C -- K in hours

The evolution of oxygen is associated with profound structural changes
in irradiated glass sections, shown by a study of the cross-section of a
sample [83]. In this examination the following was found:

1) the irradiated section of the surface is displaced in the direction
of the electron beam; the displacement increases with increase in Q and
reaches several namometers for the amount of glass approximating 4Qo ;

2) there is an abrupt change in the density of the sample at a depth
of about 10 nanometers;

3) the depth at which the change in density occuzs increases up to the
free flight of electrons at a Q value approaching 4, ;

4) coloring of samples begins at the boundary of layers with different
density and extends depthwise by the amount of the free electron path;

5) in contrast to untreated glasses, the melting of irradiated glasses
ju not accompanied by the evolution oi' gas bubbles from the melt; and

6) when electronic bombaidment was used, up to 10 percent of the oxygen
coontainea in the glass was removed, that is, even oxygen incorporated into
the structural network of the glass was removed.

The evolution of oxygen is intimately associatec. with p-.cnesses of
space charge accumulation (cf. Chapter Nine) and with the displacement of

167 -



mobile ions in the field of discharge. The displacemunt of alkali ions

toward the glass surface liberates nonbridging oxygen ions previously asso-

ciated with them, and the bonding of the oxygen ions in the lattice in

disturbed, and they diffuse in the opposite direction. On approaching the

grounded foil deposited on the glass surface, they become neutralized and

form glass bubbles, aggregating under the foil.

Structural damage accompanied by degassing is so extensive that cases

of breakdown of the following grades of glass samples are known: Corning
7720, 7052, 0080, 0120, and 1723 [86].

Irradiation with ionizing radiation (gamma-, x-, and ultraviolet rays)
is also accompanied by the evolution of gases from the glass, intensified
by subsequent calcining. However, here we must note that first of all the

amount of gas evolved is much less than in electronic irradiation, and

secondly the gas composition differs appreciably (Table 54). In this case

the gas is mainly oxygen with impurities of carbon oxides. The evolution

of hydrogen is more probably related to the radiolysis of water present in

the glass and the dissociation of OH radicals [87]. Owing to the hindered

diffusion in glasses with more compact structure, the amount of hydrogen
given off is lees. Oxides of carbon form near the glass surface via a
reaction with the atmosphere [86].

TABLE 34. COMPOSITION AND AMOUNT OF EVOLVED GASES
WHEN GLASS 7720 IS IRRADIATED

F, I:o.JHfJ' Co co , L0 o6wcee$

0 .5P 0L, 0' "1 29 0 1-' 7,22
042 P I i 0Uo+ 5,77

KEY: A -- Amount of gases in microliters evolved
from the listed glasses

B - without calcining
C -- after calcining for 3 hours at 5880 K
D -- total

The hard-to-remove coloring of lead glasses caused by ionizing

radiation is associated with the reduction of lead ions by hydrogen, in
the view of the author of the study [86].

Alpha-particles have a weak effect on degassing owing to their weak
penetrating ability. Irradiation with neutrons,especially of boron glasses,

cause5i approclablh! /.8 evolution, samiciated with nuclear reactions taking
plac," at th,! BIO isotope. kIpha-particilts and Li7 nuclei forming due to
the reaction alter the composition of thc gla.ss, cause helium to be givenr
off, ionize atoms, and by breaking chemical bonds, lead to the initiation
of thermal spikes promoting the degassing of the glass.
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•hen, boron-,.ontaininf jlt asseo undergo roaction it-r;liao.iOl,, 9A-91) per-
oent of the evolved gas is heiium. In addition, -hj(in of the g;oo ;
ciated with exposure to background jamrma-radiation, whoson cramica] "oorrpcii-
tion is the same as in pure gamma-irradiation, is given off. The evolution
of helium is accompanied by the formation of some oxygen, evidently owing
to the initiation of uncompensated oxygen ions after the fission of B10

nuclei into Li and He. This kind of structural damage led to the breakdown
of several specimens at a dose of 4 1 o07 neutrons/cm2 [86].
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CHAPTER ELEVEN

EFFECT OF IRRADIATION ON MECHANICAL AND THERMAL PROPERTIES OF
MATERIALS

1. Initiation of Stresses and Change in the Strength of Materials when
Irradiated

As the result of irradiation, in a material regions with altered char-
acteristics, so-called failed regions, are produced in a material. In the
failed regions bulk changes must be greater than those occurring usually
with change in temperature. When a failed region is initiated, which can be
represented as a core with radius a, the surrounding material will be im-
peded by the bulk changes.

According to il], if in the "free" change in volume

AV, i~~

where F' is the "free" relative deformation, when the free "uninvolved"
volume undergoes compressions

AV V-._ '-.v

where V is Poisson's rati,.

With increase in the concentration of failed regions, each subsequent
rrglorn will Ruperimpone its stresses and strains ou existing stresses and

trrn Imii. Wheli k In 0.,5. tots. Ntrniti will be' 5/9-thi of the !1im of fri,, :t ranin:;
Qt' all fiiiled regions, and the tno,,,gen •,uo'mac roscopic straiin will be of thu
form [11

"AV,, I. I -
3 V p, A v
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where A-V i. the mean bulk change per failed region and CK is Lhe con-

centration of the failed regions.

Let us consider the case when this failed region is caused by a
single displacement. Elastic strains of the lattice caused by a vacancy
can be calculated as for a cavity in a continuous medium. They are pro-
portional to i/r 3 (where r is the distance to the vacancy). Observable
displacements are experienced only by nearest-neighbor atoms. if the atoms
and ions are considered as elastic spheres in contact, the mean displace-
ments are very small and are directed in the metal toward the vacancy, and
radially outwards -- in ionic crystals. In both cases the elastic propor-
tion of the energy of defect formation as a rule does not exceed several
tens of electron-volts.

An interstitial atom upon injection causes a stronger distortion of
the lattice. The displacement of surrounding ions can extend to 20% of
the lattice constant, and the corresponding strain energy can be much as
several electron-volts.

Describing a point defect in a real crystal as a center of compression
or expansion naturally represents a very crude approximation, since here we
do not take account of the discrete atomic structure of the body. More pre-
cise calculations showed (2] that the resultant displacements, for example,
in a cubic lattice are oriented outwardly along the axes of the cube, and in-
wardly -- in the remaining directionz. Therefore, the displacement field is
marked by siguificant anisotropy. This also is true of other lattice types.
Displacement of the first layer around the interstitial atom in a face-cen-
tered cubic lattice is approximately six times greater than around the vacancy.

At present there are inadequate data for the calculation of the volu-
metric change A6V per single displacement in dielectrics. This quantity will
depend upon numerous physical characteristics of the material as a.whole, as
well as of atoms or ions comprising it, and also on the structure of the
material -- its crystal lattice, and the presence of cracks and other defects.

Powever, there are data (3] indicating that AV in metals, for neutron
iiiadiation, is of the order of 10-25 cm3 /defect for a number of defects equal
to 104 per neutron. For the atomic volume Va - 10-24 cm3 , the volume change
is 10 percent. At the same time, the volume change calculated for irradia-
tion with uranium nuclei fusion fragments (95 Mev) is 1.2 1 10-21 for MgO, and
16.4 • 10-21 cm3 /defect for SiC [4]. The overall volume change for flux
can be obtained by the formula ("]

AV I--v
S- 12 -I (AV

If the failed region owes its irigin to a nuclear reaction, for example,
Bl 0 (n, )Li 7 , it will be much larger. The volume change calculated in the
study [i), per nuclear reaction in glasses, is 3.6 . 10-19 cm3 , and the mean
volume of the failed region at the surface o0 the specimen where the density
of reactions is the greatest and where these regions are in contact with each
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other is 1.5 • 10-16 cm3 . For these parameters, the relative strain of the
aurface layer 1) is -0.08 percent. The strength of the material is deter-
mined by the strength of the surface layer in a state of tension.

Considering the thermal spike or the displacement s Lke as a center
distorting the lattice, we can assume that sincu regardl,.s.ý of the nature
of the spik; the substance undergoes expansion within it, naturally around
the spike a rugion of increased pressure will appear. The pressure p in the
radial direction is

P ýýP;- r)

where r is the distance to ihe ,enter (or the ayis of the aplke); a is the
radius of the zone undergoing melting; and po is the pressure, which is a
function of the shear modulus C, Poisson's ratio y , and the relative allo-
cation of the material in. the spike zon-• 61/i:

4 I -.v A
PO;0  _ - -- G --3 1.-v I

According to the findings oi Paymal [6), who maintains that the dis-
integration region wiLhin a --pike must be surrounded by a compression zone
around the core, the pressure in the shell retst be In the range of 2000-
200,000 atm.

Sohnce the fyter hai spherlcal nymmetry , -eltsion is a radjal
it:resar, the tension related to compre dlon by Infz function 11)
will be a tangential stress

(J, C 1 * : f,/ ; .

In spite of th.-2 I act that tensile mi .r. r ases exceed the ultimate
strength, failure )f the iawterin] cannn, Lilk, =e for the following rea-
aona, owing to the small d•i,,ension, f• th- .A region, comparable with
interatomit distanr:es, the strengrt , the rL erinl must approach jts thee-
retical value arid, in addition, owing to local excltacion of the lattICeI
t ssoclated w~th icniz-ýtlon prcefiaes and displacement procenses, the bonds
bctween atoms tre veak-ened ard ntress rc]axatlon in facilita'.ed,

If the ma,i density of failed -s1ionf fluctuate-i in t•ie bulk. material,
.ntern&l macrositopic stresses appear as in an inhomogeiteous cooled body.
On the rsacroccopl± scAic evenI weak nu iw.luiisiLy vuf A' i , prod...

oi.ýe stresues,
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Based on experiments on the anne-aing of neutron-irradiated quartz
glass, Lungu [73 concludes that defects are unevenly distributed in speci-
mens, in spite of the small coeffictent of radiation absorption. In the
case of materials strongly absorbing radiation, nonuniformity of the distri-
bution of failed sections is very Jarge. The plot of the distribution of
macroscopic stresses in thermal-neutron-irradiated borosilicate glass Corning
7070 28 pprcent B20 3 ), given in report [1], indicates this (Fig. 67). The
curvature of the branch ot the curve is determined in this case by the con-
centration gradient of nuclear reactions, which are the dominant effect of
irradiation, Our experiments on irradiating a series of glasses wich variable

cont#!nt with thermal neutrons showed that as the absorption coefficient
is increased, stresses recorded by the polarization method increase, ard for
a high enough B2033 content (up tL 30 percent), the specimens fail when irra-
diated with a dose of 5 1017 nel.trons/cm2 , which is tolerated by glasses
with. bmaller B2 03 content without cracking.

When quartz is bombarded with 130 key protons, the stresaes in the
irradiated surfaces are (227-294) - 10 4rj.,torns/m2 , and when 100 key ions are
uped, the stresses aSi 451 ' 106 rnewtor-s/m 2 I].

Growth o1 stresses is directly pruport ionsa to volume changes caused
by irradiation. Radiation expansion, which depends on . ie st ructure and
composition of fae moterial, 1D da to the i.Atiation o0 btrcs betweeiL
layers of riatier'ol orpsriencing different relative scr Ains. In %ilicon car-
bide, _Lhesi bLtres6_ MIe LW!Ce as SttsL an the ulLimate Lensile atrenpth,
and in MgO tensile stress it 13 percent of the ultimate strength, and com-
press"d ALTr&6 I_ 9 p#-rcent of f|o i Ul t Fte r•..nah 141],

In pq'te of the large value of irradiation-lyiducu(I neuIuh•9,•jcr -Lres e,
occasionally axceedir-g ultimate strungth values, natcrial specimenu nonothe-
less often are preserved without failure, for extimpse, quartz, as described
ip; Lth work f8j, '11lim can b& explained by the poosibillty of stress relaxa-
tisn. Pelaxatlon taksa place In any case. For severely nonuniforts irradia-
tlje this amounts to failure. For weak Inhonjogenuity It, regloas Irradiated
with fnot overly larga doses, relaxFtion can occur via plastic flow, though
the authors of the paper 191, In at~alyziny, the renults ot the thermal relaxa-
tion of ntresses In glasses subjected to ultraviolet irradiation, found thut
the eneigy of actlvntion (1.3 ev) cLnd tue relaxation cemperature (520' V) of
there stresses is 1 omewhat lower thlan the coiresponding viscoun-flow charac-
teaJstics (4.3 cv, 8Hd* K). }elaxe'tion n'ets In either on at-ceirment of a
specific stress, Lhat is, beginning with ,,me osea, 1ir occurs throughout the
entire irradiaLion p'rloa. By the work is], when the relativew VoluliJ stIaLin
t does nut excerd 1u 6 tiw "i.criEi remains practically free of stresses,

f,.,com dd'y effect. me sociated with chanees in phase composition, 'true-
ture, and 0h,.tnial pi ehistory of tLe mite'IaJ can he a source of at-easee upon
b radint inn.

When Several phiii iu' wJ t•L dIII ferel C0o,0 I (A'utha ul thermal expansion Lie
IrabenL ii thf- mattrial, abrupt cooling U. zia',ed StJOtiH, In patticula.a?

pi,'A.es, can 1( ' o inturphaoe strouses. �cc~ardlitg to thiet VOrA [,.), this
I? L tt8 .,5 s~,:j'ii: du •u 1
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I
where E 1j Young's modulus; ' is Poissin's ratio; ca and cNb are the

coefficients of thermal expansion of bounding phases; tj is the spike tem-
perature; and t 2 is the temperature below which stress relaxation is im-
possible.

The irradiation of dense beryllium oxide with very high doses (to 2.6
1021 neutrots/cm2) leads to its breaktdown to the powdered state, where
the lower the irradiation temperature, the more pronounced this effect.
Authors of the work [11] explained this phenomenon as, first of all, due to
the aninotropic expansion of crystals and the iniltacion of stresses at
t.'eir facets; secondly, by the forcing apart of grains under the pressure
of diffusing helium.

When quartz and quartz glass are irradiated with heavy particles (pro-
tons and helium nuclei), the accumulation of gases at a depth of several
millimeters produces lenticular voids, causing exfoliation of the surface
layer and the flaking of specimens [8]. The bending strength of a material
with 10-15 percent porosity after irradiation is reduced by 82 percent, and
by 94 percent for a material with 4 percent porosity (12].

initiation of the regultant surface tension is of Interest for problems
of the strength of glass and products. According to [131, glass with the
following composition (mole percl...t) must be used to obtain uniform tensile
stresses in the surface layer of a glass after It& irradiation with thermal
neutrons: Si 2 -- 10 -- 70; A1203 -- 20; B20 3 -- 0 -- 50; R20 -- 0 -- 30;
RO -- 0 -- 30; 'id PbO -- 0 -- 85, given the condition that SiO2 + B20 3 +
A1203 <70; h20 + RO + PbO>15; B203.'!; Li 20>10. To achieve compressive
stresses in the surface layer of the glnas after it has been Irradiated with
thermal neutrons, the glass must have the following composition (in mole
percent): S1O2 -- 50 -- 90; A1203 -- 0 -- 20; B203 -- 0 -- 80; R20 -- 0 -- 20;
aud RO -- 0 -- 30; rbO -- 0 -- 20, $iven the conditLion that Si02 + B203 75;
R2 0 + KO + PbO -- 0-25; B2 03 >1; and 1.120> 10.

us zones con be re•.kilted by depth and along the surface of the
gi-.ss -" nroteecing given sections of thne product with cadmium shields of
approl tlict-knesse (14]. If a- a result of the iLradiation the glass
Inc eastc -i density, that is, It is comprebsecl, the zoneks undergoin4 ir-
radiation rperlence tension, while at the same time shielded sections in
need of siitngthtening experience compression. Ir the composition of the
glaqo is i, cl tnot when Irradiated experienc, . c uiprtseion, the strengthened
Fwctboi ID'I, we 1n,'<t exposed, and the shields must be used for the desirable
dtritr4 butioi ut-res•is. In ;) prehardened glass tubjtctcd to irradiation,

hi- ldij peri rdifying thm initially produced stres:et,, Jricreasing them in
Eo'ae sectioy rod,.Ir•g .hom in others.

It, 13 ij t -work [151 that tho mr-c ItOnicu i utlrvpgth of quartz
Viers when ii itud trith a dowii cof 2.4 101'3 11cuttrOiS/111i,, and at 3730 K

1 I -'
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is increased by 1.0 percent. Mowever, Fleming [16], after irradiation with

a dose of 4 . 1020 neatons/co did not find flexural strength changes of

fused quartz rods obtained by dross casting and sintering in spite of the

fact that at this dose the cristobalite present in the glass underwent a
transition to the amorphorus state.

Quartz glass specimens, depending on the method of production (volding
or drawing), after irradiation with a dose of 2 • 10 20 neui.on/cm2 revealed
5.5- 6.5 percent strength gains [17]. However, in our experiments no changes

were found in the strength of KV and KI quartz glasses after irradiation in
a reactor with flures of 7 • 1018 thermal nestzons/cm2 . In a study of the
mechanical properties of sintered alumina of various grain composition (18],
no strength decreases were found, and there was even some gain in specimen
strength (Table 35).

Fig. 67. Distribution of
stresses in a simple of
borosIlicate glass Corning
7070 with thickness d, sub-
jected to thermal neutron
irradiation.
KEY: A -, Stress

TABLE 35. CHANGE IN STRENGTH OF ALUMINA UPON IRRADIATION

SC
JL1I,1h4TP 3'.P11A R N/Ad **J~ F

4-.6 0.8
1,7 1,3

:L5 1-1,6

4') --200 I 2,I ,--1 .
4,2 ,

Qj.Y" A -- Grain diameter in microns
B -- Dose in neutrons/cm2 . iO-

0*- / 0Y
ir in
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irradiation with a dose of 3 • 1018 neutrona/cm2 f, Ic,.-; !Iol caos•e chanA<:5j
in flexural strength of glass-crystallir-.emateri.als of ihe systeln Ma O-CaO-

2MgO-Ai 2 03 -SIO12 [19]. When plates of IV-23 sita]], 70 x12 z2 mm in sizc pro-

tected qn one side with cadmium shields were irradiotion with a dosýe of
5 - 101h neutrons/cm2 , deformation occurred. The specimens were bent In on
the irradiaLion side, indicating compression and thickening of the surface
layers and, therefore, the initiation of tensile stresses in them. Specimens
uniformly irradiated with a rose of 1019 neutrons/cm2 cracked [20], and the
crack grew from one of the side faces and extended along the specimen axis,
that is, along the zone of maximum tensile stresses. Measurement of strength
with central bending of sitall IV-23 specimens and for transverse bending of
sitall 224-18 specimens irradiated with a dose of 1018 neutrons/cm2 showed no
differences in its values from initial values. However, a dose of 1018
neutrons/cm2 and lower causes stresses recorded by the polarization methods in
the initial sitall glasses. fitall(u) = pyrocer&;;iic(z,) -- Tr2

Birefraction of glaeses becomes stronger with increase in irradiation dose,
and at constant dose -- with increase in B203 content in a glass. Nonboron

compositions produce weak birefraction only at a dose of 1018 neutrons/cm 2.
Stresses induced in glasses at doses of 5 • 1017 - 1018 neutrons/cm2 in several
cases lead to the cracking of samples. Sitalls formulated from these same
glasses do not fail under the same irradiation conditions, which allows us
to regard them as more resistant strength-wise than glasses.

Our study of the strength of certain industrial glasses (sheet, LK-5,
K-8, and l3v) revealed the absence of strength changes after T-irradiation
with doses extending up to 10 9 r [roentgen].

2. Change in Elastic Constants of Materials when Irradiated

When the elastic constants of quartz and quartz glass were measured, it
was found that after irradiation with a flux of up to 4 • 1018 neutrons/cm2 ,
changes in the modulus of elasticity of quartz are as high as 3.2 - 16.5 per-
cent, and 0.66 - 3.8 percent for quartz glass, that is the stability of the
glass is higher [21]. Zhdanov et al. [22] noted only a slight increase in the
constants C and C of the stress tensor of quartz when irradiated with
fluxes up t• 1 2 - 66 1019 neutrons/cm2. In an article by Zub v and Ivanov
L23], it was stated that doses up to 2 .1020 fast neutrons/c produce differ-
ent patterns in changes of the modulus of elasticity with respect to the dif-
ferent crystal axes, and the changes in the sarain tensor constants do not at
rAil tend, with increase in dose, to values of thE corresponding end ýoduzt
of irradiation (cf. Chapter Ten). This same Irradiation dose (2 • 3.0 neutrono,/
(:m2 ) Increases the modulus of elagticity of glansy silicon by 3 - 4 percent
[16]. T-Irradiationwith a dome of tip to ]019 r, x-ray irradiation, and
nu•tron I rradint Ion with a dose up to 8 . j0] 6,ju!Ltrorj/cm 2 do not affect 0hw
tPIasLI(! consLants of qunaruz 21, 22]. in our expurimentH irradintion of quarLv.
g•o,:s with fluxes of 4 • 1018 thermal nrutrons/cm2 do not produce noticeable
changes in the modulus of elasticity measured by the ultrasonic method.

Larg-- rad-atlon dA- -( 5 t 'a.U /k~f/ds? aurtd "0 35 UAL

drop in the rate of ultrasound propagation in quartz glass; here the shear
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modulus rose by 2 percent, and compressibility was reduced by 20 percent
[24]. The rise in the elas, icity of glassy s]icna, based on data in f17],
is extremely stable and is not elimninated complictely after anneallng at
1270' C for 75 hours.

Starodubtsev et al. [25] showed that the shear modulus of quartz glass
increases with y-iadiation dose and the change is 0.22 + 0.02 percent at a
dose of 1.5 - 109 r. The authors assume that the in~crc-ase in the elasticity
of quartz glass, just as its reduced linear dimensions, occurs owing to tne
initiation of ordered regions if the structure, that is, partial long-range
recovery.

A study by Vrekhovskikh et al. [26] showed that as the y-radiation dose
is intensified the modulus of elasticity and the shear modulus of sheet
glass also rise. However, these changes reach saturation values at a dose of
106 r at a level of 1 percent. This effect is related by the authors to the
healing of internal defecLs in glass structure, as well as with annealing.

The modulus of elasticity of boro-silcate glass irradiated with a flux
of 5.2 - 1017 thermal rxýetrons/cm2 at 330-340Q K, increases by 4%, which is
associated, in the authors' view 27,28], with the formation of new bonds,
resulting in intensified interaction between glass atoms. The elasticity
modulus of the glass Vycor rises by 9 percent after irradiation with a flux
of 5 • 1018 neutrons/cm2 [29].

Paymal and Le Clerk [30] investigated changes in the modulus of elasticity,
on exposure to thermal neutrons of a large group of boro-sibicate glasses with
systematically varied composition in the 'ystems SiO2 - B20, - K20; 'AO0 -

'£3 2' 2
B203 - Rb2 3102 - B 2 0 3 - Al203 - R2 0, and SiO 2 - B203 - Al203 - RO. These

experiments showed that since the modulus of elasticity depends more strongly
on the specimen thermal prehistory than on its chemical composition, it is
not possible to uniquely relate radiation changes in the modulus with chemical
composition. Nonetheless, for small doses radiation changes of the modulus are
governe.d by the same laws as its temperature dependence in the range 290 - 390'
C. The difference is that radiation changes become frozen. At small radiation
doses changes in Young's modulus (E) follow radiation changes in glass density

, where this change is greater than in rubidium glasses. In quartz glass
this relationship is expressed as mE/E - 1.8 in alkali glasses the
coefficient is betweet 2 and 3.

Large radiation doses lead to the radiation annealing of changes and to
a reduction in the modulus [30]. This is also indicated by the results of
irradiating sheet glass with a flux of 1.6 ' 1020 fasv neutrons/cm2 , accom-
panied by some decrease in the modulus of elasticity (by less than 49 • 106
nowtonn/m 2 ) 131]. This Is in fact also shown by our experiments on irradia-
tdug transparE.nt semicrystal]line aluminem oxide (luxor). After irradiating
beryllium oxide w1lh i flux ol I.) 1019 fast neutrons/cm2 , its elasticity
modulus changed very appreciably, but annealing at 1470 - 1670' K relieved
these dlsruptions [33]. The. elas;tIcity modulus of TiO2 changed only slightly
after irradiation with fluxes up to 6 . 1020 fast neutrons/cm2 [31].
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modulus rose by 2 percent, and compressibility was reduced by 20 percent
[24). The rise in the elasticity of glassy silica, based on data in [17],
is extremely stable and is not eliminated completely after annealing at
12700 C for 75 hours.

Starodubtsev et al. [25] showed that the shear modulus of quartz glass
increases with T-radiation dose and the change is 0.22 + 0.02 percent at a
dose of 1,5 • 109 r. The authors assume that the increase in the elasticity
of quartz glass, just as its reduced linear dimensions, occurs owing to the
initiation of ordered regions in the structure, that is, partial long-range
recovery.

A study by Vrekhovskikh et al. j26] showed that as the T-radiation dose
is intensiffied the modulus of elasticity and the shear modulus of sheet
glass also rJse. However, these changes reach saturation values at a dose of
106 r at a level of 1 percent. This effect is related by the authors to the
bealing of internal defects in glass structure, as well as with annealing.

Thit rodulus of elasticity of boro-silicate glass irradiated with a flux
of 5.2 - 1017 thermalneutrons/cm2 at 330-340' K, increases by 4%, which is
associated, in tL aut chors' view [27,28j, with the formation of new bonds,
resulting in intensified interaction between glass atoms. The elasticity
modulus of thO glaSb Vycor rises by 9 percent after irradiation with a flux
of , . 1018 neutrons/cm2 f29].

Paymal and Le Clerk ('501 Investigated changes in the modulus of elasticity,
on exposure to thermal neutrorsofa large group of boro-silicate glasses with
systematically varied compo_,1tion in the systems SiO2 - B0 - 0; SO2 -

B203 - Rb 20; ;i2 - B203 - Al2)3 - F 20,and SiO2 - B2 0 - Al203 - RO. These

experiments showed that since the modulus of elasticity depends more strongly
on the specimen thermal prehistory than on its chemical composition, it is
not possible to uniquely relate radiation changes in the moduius with chemical
composition. Nonetheless, for small doses radiatlon changes of the modulus are
governed by the same !Pws as its temperature depzndence in the range 290 - 390*
C. The difference is that radiation changes become frozen. At small radiation
dohes changes in Young's modulus (E) follow radiation changes in glass density
C., where this change is greater than in rubidium glasses. In quartz glass

thif relatlonship is expressed as AE/E - 1.8 (,) in alkali glasses the
coefflcient ib between 2 and 3.

Large radlation doses lead to tli,! radiation annealing of changes and to
a reduct1on. In the moduluF [301. This is aloo indicated by the results of
irradiating skeet glass with a flux of 1.6 , 1020 fast neutrons/cm2 , accom-
panied by soMn, decrease in toe modulu.,; of elasticity (by less than 49 • b06
newtonm/m 2 ) 13L]. T'h1i; Is in fact ils-, shown by our experiments on irradla--
ting transparent semicrystallin•.,; umfium oxide (Juxor). After irradiating
beryllium oXido wiLth a flux ol 1.] ]019 fast neutrons/cm2 , Iti elasticity
modulus change~d very appreciably, buL anneialingr at 1470 - 1670' K re( lieved
these lbsruptiona 1331. The elasticity modulus of '1102 changed only sligl)Liy
after irradiation with fluxes up to 6 • 1020 fast neutrons/cm2 f31].
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3. Change in Hardness of Mater als when Irradiated

Hardness is a complex characteristic, dependent on a good many physical
mechanical parameters of a material, moduli and limits of elasticity, plasti-
city, creep, atom-molecular rupture and shear strength, and the like. Hard-
ness also depends on the actual structure of a solid, and the kind and density
of lattice defects, which are significantly affected by nuclear radiation.

The most familiar effect of nuclear radiation on the hardness of mater-
ials is the increase in hardness for both crystalline and certain amorphous
bodies. Thus, the hardness of neutron-irradiated BeO crystals is much
higher than the initial value [11,34]. The microhardness of mica when ir-
radiated in a nuclear reactor with a flux of 6 • 1020 neutrons/cm2 rises from
1110 . 106 to 4320 * 106 newtons/cm2 , and when sheet glass is irradiated with
a flux of 3 - 1019 and 6 • 1020 neutrons/cI 2 -- from 1180 . 106 to 1420 - 106
and 4320 • 10 6 newtons/m2 , respectively [35]. But irradiation with x-rays
at a voltage of 46 kv with a dose of 3 . 107 r increases the microhardness of
quartz glass by an average of 3 - 4 percent (36]. At the same time It was
noted that after certain materials had been irradiated, their hardness falls
off. For example, the microhardness of quartz is reduced by half after irra-
diation with a flux of 6 • 1020 neutrons/cm2 (35].

In our experiments on irradiating a large series of glasses of commercial
grades (sheet, 13 v, K-8, K-108, and LK-5) with T-rays using a Co6 0 source
with doses of 107, 2 • 107, and 5 . 107 r, ro microhardness changes coull be
detected. Our irradiation of KV and KI gras• of quartz glass in a nuclear
reactor with fluxes of 4 1018 and 7 . 1018 nrutrons/cm2 also did not cause
changes in microhardness.

Since with the increase in the absorbing power of materials and, there-
fore, in the absorbed dose radiation damage is intensified, we conducted a
series of experiments on the irradiation of glasses and sitalls with regularly
increasing boron content f37]. The starting compositions were glasses with
the following molecular formulas: Li 20 . Al 20 . 4SiO 2 nB2 0 (Series S) andMgO * Al 0 2.5SI0 * B2O3 (Series M) in wgich n takes on •he values 0,

0.25, 0.9, l, and 2 ithe indexes of the compositions are 0, 1, 2, 3, ant 4,
respectively).

Fig. 68 presents the dependence of changes in microhardness (PMf-3,
inetrument, 1.00 g load on lndený'r) of test materials on the reactor radlation
dose. These curves show that an increase in the content of boric anhydride
lIn glasses, therefore, the concentration of nuclear reactions and the ab-
sorbed dose, leads to a large drop in their microhardness when they are irra-
diated with the same exposure dose. In glasses not containing boron, no
changes In microha!-dness occurred upon irradiation, which was confirmed by
experiments al,, on cormerclal-composition sitalls, The microhardness decrease
effect is less pronounced in sitalls than in glasses. Evidently, thir is
associated with the fact that radiaLion effects responsible for reducing micr)-
hardness take place onjy in the boron-containing glass phase. Since both
crystalf. and glass arc preFsent in the zone of indentor action when sitalls
were tested, the effective ,ir.rohardness is more complexly dependent on dose
tha8T for -h,- pure 6 ass.
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Fig. 68. Change in microhardness of glasses
with the compositions Li 2 0 Al 2 ) 3 * 4 Si02

nB203 (series S) and MgO - AlO3 0 .5 SiO0

nB2 03 (series M) resulting frw neutron irra-

diation
KZ: A Change in microharh,Lxeb, h . 10l

in newtonh/m
2

B -- Dose in 1017 neutrons/cm
2

In an iiteresting experiment measuring the microhardness of cuartz
glass when irradiation with c(-palticles using a Pu 2 39 source [38), a reduc-
tion in microhardness with increase in dose was also achieved. The authors,
in evaluating the increase in plasticity of the surface layer, beaiev.y that
it is associated with the increased dUfct den&iLy of the giass. tv ce-',iy,
here the effect of developing stresses of the surface hardness type is pre-
sent.

4. Change in Thermal Properties of Materials when Irradiated

Thermal Conductivity

Change in the thermal conductivity of marerijalv when irradiated in a
reactor is vital in reactor engineering. Table 36 gives daa for several
materials finding application in reactor structures [35]. which indic.tc..
quite large property changes.

Irradiation of quartz glas-i vith a flux of 4.3 * 10 fast neutrors/cm'
at low temperatures (3-14* K) increases its thermal conductivity from 16.7
to 29.3 w/m • ueg [39]. At the same time, a flux of 2 • 1020 fast neutron.!
,m2 does noL cause chant• in the thermal conductivity of quartz glass mea-
sured at 308 - 3180 K [40j, The thermal conductivity of lead glass Jrredta-
led with the same dose, measured under the same conditions, :s reduced by
40-45 percent, Data on the stability of the therma• conductivity of Al 20,irrauiated wit1 a flux of 2 • 1 0 20 fast neutrons/cmn, at 308 -. 318' K, 2
published in tue work [39], contradict the data in Table 36. ýt odds with
Table 36 are the results of a study [40] indicating thu abi-%nce of changes
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TAP-', 56. CHANGE IN TrH1RMAL CONDUCTIVITY ()p C1.iTAIN
MATERIALS UPN iRRADIATION

- 1 C r?,'..,'i'Of,,,AoIo

AIO0 0 IG,8; 4,2 (oi,,'!epirr A 33,6 1 0,21
3 0,84 .i 0,0H

40 3,78 0O,21 30 0,84 0,08

Wn.eltJe.nh 0 1 10,5-i 2.1 TiO, 0 G,81, 0.84
7 5,45 _ 0,42 t 6 4,63 -.0,4n

40 5,45j0.42 30 2,82::0,21

wiopcrepHT 0 10,5: 2,1 (lPap,,c~pi 0 1 1,3 2,1

£312 0,42 .3,57 0,21

ZrO0 5,05 0,42 Caa(0.,) 0 25,21 ,8,4

I 5 !0. 913 0, 042. 60 81,6

CTMaTIIT 0 3,1S0, 21 1',, 2,2
S0,012 7 ,

KEY: A -- Material
B-- Dose in neutrons/cm2.1 9

C -.- Thermal conductivity in w/m.deg
D-- Spinel
E -- Forsterite

-- Steatite

G -- Cordierite

H-- Porcelain
I -- Sapphire

]

I
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in the thermal conductivity of Be0 irradiated with a flux of 2 1020 fast
neutrons/cm2 at 308 - 3180 K. However, according to 141], even a flux of
7.3 • 1019 fast neutrons/cm2 reduces the thermal conductivity of BeO by a
factor of 6.

Coefficient of thermal expansion

Changes in the coefficient of thermal expansion (c.t.e) of irradiated
materials are associated with disruption of phase composition, structure, or
the initiation of stresses.

Structural damage in crystalline quartz caused by neutron irradiation
leads to a reduction in the c.t.", by 0.5 percent after irradiacion with
a flux of 2.2 . i01 8 neutrons/cm2 [21]. After irradiation with a flux of
1.4 • 1(20 neutrons/cm2 , the c.t.e, of quartz reached a value of 5.4 10-7
deg-l [42], which is practically equal to the c.t.e. of quartz glass.

4.4

L.: 
CZ11 

*

0 379 470 570 6V 770 870 970

Fig. 69. Thermal expansion of Zh-3 sitall
I -- Initial 16 18 19
2 --- 4 - irradiated with doses of 106, 10, and 1019

neutrons/cm2 , respectively.
KEY: A -- Relative elongation

B- Temperature in *K

Paymal relates slight changes in the c.toe. of borosilicate glasses
irradiated with thermal neutronH to the effect of consolidation around
Ih,.rmnl ,jilken. rhe ext-rnt or (onso ldii tion, In turn, Is def-. rmnned by the
jfiliti z I ,1 I41,1 of rxygoll loonn, Hl111 off, It depo(,lu oun the lir~nl,'4-1 componit foll
WJ I Ji' gi li,,,. 17''J1

We did not observe difference:, in the dilaLometric cur've.4 of Liitlial
L-rosiilicate giass produced upon the crystallization of S-343 sitall, and the
same borosilicate glass after irradiation with a flux of 4 . 1017 neutrons/
cm2 . At the same time, irradiating sitalis causes a change in their thermal
expansion 1201. Figs. 69-72 present the dilatometric curves of several
sitalls, The chang.. in the thermal expansion of sitalls is associated with
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the change in the phase composition, confirmed by x-ray phase, petrographic,.,
ad electron-microscopic analyses. In those cases when upon reactor irra-

diation the crystalline phase with a large c.t.e. breaks down, for example,
crystobalice in Zh-3 sitall, the c.t.e. of sitall is reduced (Fig. 69).
But in those cases when the content of crystalline phase is exhibiting a
small c.t.e. is reduced, and the more stable phases have a higher c.t. e.
an increase in the si.tall (S-1214 and S-343) c.t.e. is the resultant effect.
Change in the c.t.e. of sitall IV.23 (Fig. 72), with a stable crystalline
phase observed in the temperature range to 770* K, is evidently associated
wi~h the appearance of stresses in its glass phase 133].

44

N' 16

2

470 570 570 770 8170 70 IMP
A Temnepamypa I Om 3

Fig. 70. Thermal expansion oý' S-1240 sitall
1 - Initial 18
2 - 4 -- irradiation with doses of 101, 5 1

and 1019 neutrons/cm2 , respectively
KEY: A - Relative elongation

B -- Temperature in 0 K

I Initi

2 4 iraite ih-oe f 106 08 n
lo' neutrn/ ,repciey

f: einrp'Jr l,oa A x ,.*

"L 4W 57 - 70

A
Fig. 71. Thermal expansion of S-343 sitall
1 -- Initial
2 - 4 - irradiaited with doses of 1010,i18. and

1O1 9 neutrons/cmL, respectively.

K]Y: A -- Relpive elongation; B -- Temperature in K

- 182-



S z

S4

"21

O-

F1g. 72. Thermal expansion of TV-23 sitall
1 - Initial
2 - 3 -- Irradiated with doses of 5 1018 and
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B- Temperature in 0 K
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CHAPTER TWELVE

RADIATION-RESI STANT MATERIALS

Materials capable of withstanding extended use in radiation fields
without marked change in properties and structure are called radiation-
resistant. The main condition determining radiation resistance is the
slight interaction of the atoms of chemical element& incorporated in the
material composition with radiation acting on the material. In most

cases materials with low absorbability for a given type of radiation
suffer less radiation damage. Besides this coudition affording radia-
tion stability of material is the low stability of the irradiation
damage produced. For example, increasing the temperature or exposing to
other kinds of radiation under surface conditions can promote recombina-
tion, annihilation and annealing of radiation defects.

At the present time no universal material with stability in all phy-
sical chemical properties and structure under conditions of exposure to
any kinds of radiation exists.

The proposed classification of radiation-resistant materials provides
for separating them into four groups by properties that are the main tech-
nical characteristics of the material and whose changes in which would
render further use of the material impossible;

group 1 -- dielectrically radiation-resistant materials;
group 2 -- chemically radiation-resistant materials;
group 3 -- optically radiation-resistant materials; and
group 4 -- magnetically radiation-resistant materials.

Each of the groups is subdivided into several subgroups based on the
fields of use of the materials (cf. scheme).
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[KEY for scheme]

A -- Radiation-resistant materials based Ou, glass, pyroceramics, and
ceramics

B -- Dielectrically radiation-resistant materials

C -- Radio transparent materials for antenna fairing6
D Dieli tries for insulators of charged particle accelerators,

atomic reactors, and radiation sources
E -- Chemically radiation-resistant materials
F -- Glasses and enamels for coating uranium rods
G -- Glasses for burying decay products
H -- Structural materials for hot chambers, reactors, and accelerators
i -- Materials for nuclear fuel
J -- Optically radiation-resIstant materials
K -- Glasses and pyroceramict not darkening upon irradiation, for obser-

vation windows of iot cells, searchlights, spacecraft, and so on
L -- Glasses not luminescing when irradiated, for photo-television equip-

ment and searchlights
M -- Glasses free of effects of thermal de-excitation
N -- Glasses free of triboluminescence defects
0 -- Magnetically radiation-resistant materials
P -- Glasses not producing electron paramagnetic resonance when irradiated

1. Oielectrically Radiation-Resistant Materials

Materials for antenaa fairings

One of the main requirements imposed on materials used in fabricating
fairings of rockets Is the stability of the dielectric characteristics under
conditions of service and storage. The stability of the guidance system
parameters is decisive in ensuring the precision of missile targeting.

Usually quartz glass, quartz glass-ceramic, ceramic based on alpha-
corundum, and special-composition pyroceramics [1) are employed for antenna
±airings functioning in the UHF radio wave range. All these materials,
with their different dielectric permeabilities, differ by a small value of
dielectric lcsses and by a weak temperature dependence of dielectric proper-
ties.

Change in dielectric properties of irradiated materials an the fre-
quency of electrical field is increased becomes less noticeable (cf. text
page 159 [p.148]). The results of our experiments on the irradiation ofcordierite pyroceramic and glasa-ceramics based on sintered quartz glass

and silica made It possible to regard their dielectric properties as stable
up to doses of 5 - 1018 neutrons/cm2 .

Change in the dielectric permeability of mawirials is within the

limaits 0,5 percent, but changes in dielectric limits remained anrecorded in
all cases (tg S in all samples was less than 1 0-3). The absence of
changes in the UHF range is ab8Uciated with thiu fact that dielectric polari-
zation and losses at these frequencies are determined by resonance processes
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caused by oscillations of ions and electrons and dependent on chemical

bonds between lattice components at which radiation has a comparatively

weak effect.

Dielectrics for insulators of charged particle accelerators, atomic
reactors, and radiation sources

When glasses and ceramics are used as insulators for service with

irradiation, several undesirable aftereffects of irradiation must be
taken into account:

1) change in dielectric permeability and loss;
2) reduced the electrical resistance;
3) reduced dielectric strength
4) damage caused by discharge of electrical charge accumulated

in the dielectric.

The causes of these defects, examined in detail in Chapter Nine, affords
several conclusions about materials suitable for use in reactors, accelera-
tors, hot cells, and so on.

In spite of the fact that the electrical resistance of radiation-resis-
tant glasses containing CeO decreases sharply on exposure to ionizing ra-
diation, and even though this degrades their electrical characteristics as
insulators, they have enhanced breakdown strength, do not produce discharge
figures, and do not accumulate space charge, which in several cases can be
decisive.

Quartz glass and materials based thereon have indisputable advantages
over multi-compinent glasses. When quartz glasses are used, preference may
be given to grales of glass containing the smallest amount of hydroxyl (KI
grades). In examining dielectrics resistant to neutrons, one must consider the
chemical composition of the material, since the presence of elements with
large interaction cross-sections leads to intensified radiation damage. Still
we found (2] that E and tg ' of TV-23 pyroceramics with good die-
lectric properties, in spiteof its large B 0 content, show only slight
changes at a frequency of 103-107 Hz even aitr irradiation with a beam of
1019 neutrons/cmi. At the same time pyroceramics of the lithiur aluminum-
silicate system even with a small (ap to three percent) B203 content pro-

duce an abrupt jump in I and tg 6 even at doses to 1017 neutrons/
cm2 . This fact is related to the finding that relaxation processes asso-
ciated with the transfer of labile ions, in particular alkali ions, repre-
sent the main source of polarization and losses in the region of 1i5 - 107
Hz; the absence of these ions in TV-23 pyroceramic gives it stability. We
must note that changes in dielectric properties are nonpersistent and are
readily annealed at fairly low temperatures.

The phase composition of the material is quite significant. Segregn-
tion of crystalline phases in lithium alumitium-silicate pyroceramic of the
same chemical composition leads to changes in the initial dielectric charac-
teristics and their resistance to irradiation. In our case crystalline
phases of pyrocteramics differ in the degree of bonding of alkali ions in
the structure.

187 -



2. Chemically Radiation-Resistant Materials

Structural Materials

At present reactor construction makes wide use of beryllium oxide,
with favorable nuclear and physicomechanical properties. However, a
key drawback of BeO is its weak radiation resistance, stemming from the
anistrophy of the crystal lattice and the accumulation of gaseous products
of nuclea- reactions. The latter factor is detrimental when BeO is used
at elevated (above 8500 K) temperatures, where it is especially valuable
as a heat-resistant material. However, upon irradiaticn with doses up to
1019 neutrons/cm2 , changes in BeO properties are not observed.

Increasing the stability of beryllium ceramics necessitates obtaining
fine-grain products or using plastic intergranular binder. Por example,
a ceramic made of 98 percent BeO with the addition of 2 percent bentonite
withstands an integral beam of 1021 neutrons/cm2 at 1270 - 2270* K [3].

Magnesium oxide, with a cubic lattice, has definite advantages over
BeO, since the increase in its cell parameters upon irradiation occurs
uniformly, without producing intergranular stressesthough at high radia-
tion temperatures the evolution of gaseous products of nuclear reactions
also poses a hazard at doses of about 1020 neutrons/cm2 , the high-tempera-
ture plasticity of MgO promotes relaxation of stresses induced here [4).
Nonetheless, there is a report thaz the brittlenesfi of MgO monocrystals ir-
radiated with a dose of 4 • 1019 neutrons/cm2 rises sharply at 4700 K [5].

At the present much effort is directed toward using aluminum oxide as
structural materials in reactor construction owing to its good high-tem-
perature characteristics. In contrast to MgO and BeO, very weak damage to
structure is observed in AI203 even at doses of 5 • 1020 neutrons/cm2 , which

indicates the intensity of radiation annealing processes occurring upon ir-
radiation [6].

However, the view is held that the high-temperature strength of Al203

crystals is not realized at high radiation doses, since intergranular co-
hesion is disturbed owing to growth anisotropy (even though limited growth);
therefore polycrystalline Al203 has no advantages over other materials at

temperatures above 870* K and high doses [4]. Al2 03 monocrystals are free
of this disadvantage, however obtaining monocrystals of the required di-
mensions thus far involved major technical difficulties, which results in
articles made of AI20 3 monocrystals not yet finding wide application.

As rewarked, some kinds of corundum and rnullite ceramics prove to be
stable at Integral beams to 1020 neutrons/cm2 , which can serve as a basis
for their use in reactors [71.

Glasses used in the design of reactors and accelerators must have
high heac-resistance and high softening point, which is achieved by adding
a minimum amount of alkalis (Table 37).
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Materials for Nuclear Fuel

The use of ceramic materials comprised of oxides of uranium or of
thorium as nuclear fuels is well known and has been described in several
articles and monographs [10-13]. Much less sL..died is the possible use
of glasses for this purpose.

Of definite interest to nuclear technology is the use of glasses con-
taining fissionable elements. The advantage of these glasses when used
as fuel compared, for example, with ceramic uranium dioxide, is the reduced
evolution of gaseous decay products. Ceramic fuels inevitably contain
grains with interfaces facilitating the diffusion of gas through grains and
its evolution from the fuel, which in turn leads to the breakdown of fuel
elements. Naturally, in the absence of interfaces in glass, the only possi-
ble way that gases can be removed from glass is that they diffuse through
the bulk of the material, a process which is much slower.

Besides containing ah large as possible a quantity of fissionable ele-
ment, any glass intended for use as a fuel munt consist of substances that
have a small thermal neutron capture cross-section. Since fission is at-
tained by means of thermal neutrons, the fuel matrix must exercise also the
functions of moderator, and, finally, a high softening point is one of
the key requirements imposed on glasses of this kind.

Small additions of uraaium oxides have !cng been used in coloring
glasses. We know of attempts to formulate glasses containing a consider-
able larger amount of uranium (up to fifty percent by weight U073) [14],
bui many of the resulting glasses have low heat resistance. Borosilicate
glasses containing 50 percent by weight oxides of uranium, thorium, and
plutonium [15], or boron aluminum-phosphate glasses containing these oxides
up to 46 percent by weight have been descrioed [16]. However, owing to the
large capture cross-section of thermal neutrons by boron, these glasses are

not of interest for this field of application.

Cashin [17] formulated two types of glasses containing uranium oxides.
One type of glass was prepared by saturating the porous framework of
Vycor glass with a solution of uranium nitrate salt, after which it was
heated to decompose the salt down to U3 08 and for subsequent consolidation

of the framework. The other type of glass is glass with the following
composition (percent by weight) fabricated by the usual methods: 44.98
Si02 ; 8.48 Al10 3 ; 13.46 TiO0; 4.49 Zr) 2 ; 17.96 NaO; 9.87 U.30; and 0.26
Fe 2 03 . The a ount of gases evolved in the fission of the ran in these

glasses Is extremely small, and the temperature in the center of the glass
sample, as shown by calculations, is as much as 19700 K, and gas bubbles
are collected precisely in this region, which experiences viscous flow.
To obtain infusible glasses, Heyns and Rawson [181 investigated several
three-component systems: MgO -- ThO -- ZrO2; A203 -- ThO -- MgO; BeO

2 2' A0 3  2
-- Al23 - sic2; gO -- Al203 -0SiO 2 ; ZrO2 -- A 2 03 Al - SO MgO

ZrO2 Si02 ; ThO2 2- Al203 - O2; ThO2 - MgO -- SiO2 ; ThO2 2- ZrO - and

Sf02 . Ey blciiding charges ojf 6L.iate-System giasses with uranium dioxide,
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it was possible to dissolve it up to 60 percent by weight. In addition,

three-component glasses were obtained, which had UO2 as one of their com-

ponents. These compositions are found in the systems UO2 - Al 203 - SiO2;

U02 -- MgO - SiO2 ; U02 -- CaO - SiO2 ; UO2 -- BaO -- SiO2 ; UO2 -- TiO2 --
SiO2 ; UO2 -- Y20 3 and SiO2.

However, all the experiments were conducted with a small (up to five
me) amount of glass. When it was increased even to 20 Z, the regions of
suitable compositions were markedly narrowed owing to weakenLrig of glass
forming ability and moze intense volatility of the uranium.

Alumlnum-magnesium silicate glasses are most promising as solvents of
uranium oxides [191. They have an annealing temperature of the same order
as for quartz glass (about 1270* K), and a founding temperature of 1970
2070* K. Glasses containing up to 45 percent UO2 can also be produced in

alkaline systems [20], though these glasses soften at much lower tempera-
tures.

To maintain the maximum amount of uranium dissolved in glass requires
rapid cooling. Up to 20 percent by weight U02 can be maintained in several
infusible alumizium silicate glasses. The amount of U0'- can be boosted if
the glass is produced in fiber form. Moreover, the usE. of glass fiber con-
siderably reduces the demands on the heat-resistance of glass. By enclosing
the fiber in a heat-conductive, for example, metal, matrix, one can avoid
excessively high temperatures.

An infusible glass fiber with a IT308 content of 35 percent by weight

was proposed by Harteck and Dondes [21]. Compositions of glass fiber con-
taining along with uranium another fissionable element - thorium -- are
known [221. Glass fiber I micron in diameter containing 10 percent U308
(euriched to 93 percent 13 35) and 25 micron in diameter containing
35 percent U3 08 withstood 6 months in a beam of 2 . 1012 neutrons/cm2 . VIC,

without visible damage (221. Glass beads also possess this advantage. The
following glass composition has been proposed for their manufacture (percent
by weight): 25 - 35 SiO2 ; 5 - 10 ZrO2 ; 0 - 20 TiO2 ; 2 - 5 MgO; 0 - 5 BeO;

0 - 15 ZnO; and 20 - 45 U02 (ThO2 ) [23).

When homogenous glass containing uranium dioxide underwent heat treat-
ment, U02 was liberated from the solution in a reducing or neutral medium.

The resulting material contained UO2 crystals, Several microns in diameter

and dispersed within the bulk of the crystallized glass (19]. Thus, heat
treatment Is a method of producing fuel in the form of a dispersed phase
with particles not exceeding 5 microns in diameter.

Of interest in homogenous high-temperature reactors is the use of
melvs of oxides as a matrix for the distribution of nuclear fuel. The
region in which this mcet exists must be quite extensive. In the field
of "ximum upefatinu temperaturea (above 2270° K) processes such as
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selective vaporization, chemical reactions with the atmo8phere, liquation,
dissociation, and so on must not exceed the allowable rates. At the same
time the melt-initiation temperature must not be too high in order to ensure
favorable operating conditions (homogenization and removal of gases) with
low thermal productivity.

In spite of the high temperature in the coie, the reactor walls through
which heat is removed are protected against corrosion with a layer of har-
dened slag lining.

To use a melt for fuel distribution, the matrix must fulfill the func-
tions of a moderator, just as in the case of glass. Table 38 gives the
therm&l and nuclear characteristics of several oxides [27].

From Table 38 data, BeO, ZrO2 , and Al2 03 are the most suitable for use.

Oxides of magnesium and silicon cannot be used owing to the low temperature
in which the melt exists. However, the high melting point of BeO, ZrO2 , and

Al 2 0 3 raised the threat of the melt crystallizing as the thermal capacity of

the reactor is reduced. Best results are given by mixtures of nonvolatile
oxides with a lower melting point than pure oxides. For example, BeO - ZrO -

MgO (the melting point of the eutectic is 19100 K).

TABLE 38. MODERATING AND THERMAL PROPERTIES OF OXIDES

,o, r lI y!%A 1( f1

OKICCAI ?ionC:. IlOC;bI 0C II I. 11h)1h

u L~S IX4

AI1,0, 3, Or 0,')3'7 214232 3 .77;1 i 6,3
i3c 0 3,0ý'1 0.!23 1 Co 2)-Sn 95" 19

3 : C. 1,,I 12,4 3073 31,10 6,7
Sio) 2,2 0,2 , 8, I I9G 2500 J7

w0 10. ... - 1 3078 .4370 2.78
O) 6,14 D. 059 11. , 2')3 4570 2,',5

Remark. $ is the mean logarithm of the energy
decrease; 2a is the absorption cross-section; and

ZS is the scattering cross-section

KEY: A -- Oxide
B -- Density in g/cm3 -
C -- Moderating ability s, in cm
D -- Moderating ratio
E -- Temperature in * K
F -- melting point
G -- Boiling point
H -- Thermal conductivity at 1870* K in w/m - deg
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Calculated detenrminations of the critical parameters of the homo-
genous reaction with a melt core showed that the UO2 concentration needed

to sustain the fission process is 0.5 - 3 percent by weight.

An application of glasses as a matrix for introducing measured amounts
of radioactive additives (or additives subsequently activated by irradia-
tion) is known. For this use compositions not producing radioactivity of
themselves for yielding short-lived isotopes, for example the following com-
positions (in percent by weight) are used: 40 - 50 SiO2 ; 10 - 25 Al 2 03 ; 15 -

35 R0; 0 - 15 TiO2; 0 - 15 Fe2 0 and 0 - 5 F'. Oxides of chromium, scan-

dium, and zinc are the additives for this glass (25].

Materials for binding radioactive wastes

Glasses used as binders for radioactive wastes must meet specific
requirements:

1) The wastes must be in the torm of a sol2.d, aud not a powder;
2) The radioactive components must not be leachable; and
3) The solid must not disintegrate on undergoing internal irra-

diation and exposure to external corrosive agents when stored
for 100 - 1000 years.

From the viewpoint of facilitating the assimilation of wastes, usually
uranium or its alloy with aluminum, glass must be founded at the lowest
possible temperature; in this case the service life of glass-making furnaces,
remote-controlled, is prolonged; repairing them poses some difficulty.
Grover and Chidley [26] propose compositions with a founding teperature of
1370 - 1520* K, for examprle, CaO - B2 03 * Al 2 03  3.5 SiO2 . This composi-

tion has adequate chemical stability. It is necessary to increase the
amount of Al203 without raising the founding temperature up to 10 percent

Na 20 must be added.

These same authors recommended a glass with the following composi-
tion (in percent by weight) for binding degraded uranium; 15 - 20 U3 08 ;
14 - 22 Fe2 0 3 ; 9 - 23 A1 2 03 ; 25 - 45 SiO2 ; 3 - 9 Na2 0; and 7 - 25 B20 3.

The first three-components are radioactive. The best chemical stability

is observed for the following ratio of components: 40 - 55 percent Si02 ;

10 - 20 percent Na2 B40 7 , 30 - 40 percent wastes. The chemical stability

of these glasses, judging from the data of the authors [26], remains un-
changed after irradiation with a dose of 109 rad.

One method of removing liquid radioactive wastes is absorbing liquids
in dry clay. Subsequent drying and calcining produces a ceramic that has
varying porosity, strength, and chemical stability depending on the condi-
tions of clay production and composition (27].
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Materials for fuel element shielding

Glasses and enamels can be shielding materials protecting fuel elements
fabricated of metallic uranium and Its oxides against corrosive exposure.
These glasses must satisfy a number of requirements.

1) high chemical resistance to corrosive exposure by liquid and gaseous
agents;

2) high radiation resistance;
3) coefficient of thermal expansion in accord with the material; and
4) minimum absorption of neutrons by the glass or enamel layer.

Phosphate glasses containing 1 - 9 percent alkali metals can be used

for these purposes: 25 - 40 percent BaO; 1 - 4 percent Al 203; and 55 - 65

percent P20 5 The coefficient of expansion of these glasses is close to

that for uranium, 200 * 10-7 deg- 1 in the temperature range to 920" K [28].

The glass film prevents formation of easily removed flakes of uranium
oxides.

3. Optically Radiation-Resistant Materials

The Inception of atomic power engineering, expanded researcia in nuclear
physics, space exploration, advances in radiochemistry and the development
and introduction of new radiochcmical and radiospectroscopic methods of in-
vestigating structure required specialized glasses with usually unknown com-
binations of physico-technical properties.

Depvnding on the purposes for wnich glasses are used, either the reten-
tion of these properties after irradiation or their predictable variation
is essential. For example, for inspection windows and optical instruments
exposed to radiation, invariability of the optical characteristics of glasses
when irradiated is required. In contrast, requirements of variation in
given optical characteristics upon irradiation are imposed on glasses used
in radiation dosimetry.

We know that irradiating glass initiates processes leading to changes
first of all of its spectral and optical characteristics. A result of the
interaction of radiation with glass is the formation of color centers and
paramagnetic centers, luminescence, thermal de-excitation, and tribolumin-
escence. All these changes can render impossible further service of the
glass for visual observations as well as for the performance of photo- and
television equipment.

Glasses not darkening when irradiated

To prevent color centers in the visible spectral region from forming,
usually to the glass composition are added elements with active donor-
acceptor properties. Adding these elements leads to the formation of color
centerS not absorbing in the visible but in athLr spectral regions.
Polyvalent elements -- antimony, bismuth, and cerium have these properties.
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Most effective from the standpoint of reduced color center formation
upon irradiation are cerium ions. At the present time, in producing vir-
tually all types of optical glasses on which requirements of constancy of
light transmission in the visible spectral region when irradiated are im-
posed, cerium oxide is added to the glass compositions [29 - 35].

The mechanism of preventing coloration in glass on exposure to gamma-
rays in the presence of small amounts of cerium oxide additives involgvs
the ability of cerium to easily change its valency. Light transmission of
glasses containing cerium dioxide in their composition remains practically
unchanged after irradiation with gamma-ray doses up to 108 r.

Table 39 presents several glass compositions that are optically re-
sistant to gamma-radiation.

Based on series-produced glasses of the optical catalog, the State
Optical Insitute developed and industry has been manufacturing radiation-
resistant glasses. The names of these glasses and their radiation re-
sistance are given in Table 40.

Glasses containing more than one percent by weight CeO2 are yellowish.

Glasses containing, in addition to CeO2 oxides of heavy metals (BaO or
Sb 2 0 ) have more intense color due to the higher proportion of Ce4+ [38].
The Iresence in glass compositions of antimony and arsenic ions weakens the
stabilizing action of cerium ions.

Quartz glass has a noteworthy place in the class of optically radiation-
resistant glasses. At present in all technically advanced countries there
are organizations engaged in scientific research and technological develop-
ment of quartz glass. As the result of the combined work by researchers
and technologists, several kinds of transparent quartz glass have been formu-
lated, and articles made of these glasses are being produced comercially.

There is a classification of transparent quartz glass, whose commercial
grades are given in Table 41.

Type I glass is manufactured by melting the charge in vacuum or vacuum-
compression electric furnaces. These glasses do not have absorption bands
in the 2700 nm region owing to the absence of hydroxyl groups. However,
glasses of thia type are not radiation-resistant. Their light transmission
is significantly decreased upon irradiation with doses of 103 - 10 4 r.

Type 11 glasses are prepared by fusing the charge in gas furnaces in
a hydrogen-oxygen burnet. Glasses of this type are virtually no change
in light transmission when Irradiated with doses up to 108 r.

Type III glasses are prepared by high-temperature hydrolysis of a vola-
tile silicon compounds. They are characterized by high purity, a hydroxyl
group content up to 0.12 percent, and high transmission in the ultraviolet
spectral reg4 on.
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TABLE 40. RADIATION-OMTICAL RESISTANCE OF CERTAIN GLLSSES
OF SERIES 100

/ I p q, ,, ' , 1, ' ,, . - I Iluir.lt r HIR o iTt. ,e.• ":

1lAP TI, C " 'm MYl ll (A-I,1 --' "

.3 JIK.- 105 0,05 KP- IorG 0,07
x I0 i (,Ol5 JO Bti•.I106 0.09

I0145 1 @-107 0,07
4). K I 015 /2 B-108 0,04

, Ixit.Io(; 0,015 /.3 B(P- III 0,06
I bN.i,, 0.02 6(i',-; 12 0,045

7 bK.- i0 0,04 Bl -1 147 0,045"I K.-102 0,025 , /4.r, "!'-!05 0,II

TX 1)3 0,025 17J]4.I 1 0.09
"i K-IOi 0,025 "1 (P-101 0,07
TIT . I 0 0,(:25 if (P-101 0,07

"TN',. 114 0025 . J/ (P.1i3 0,07
TF. I ; ,o25 f!2 v TI).II 0,0(8
"T1 -120 0,02 123 -ti- 102 ,08,
•;, .Le 0,0 II05Z TO-.I1 0,08
K ,IO. 0,10L 55 .0.101 0,05

KEY: 1 -- Glass grade
2 - Increment in optical density when irradiated with

a dose of 10 5 r, iu cm-1
3 - LK-105
4 -- LK-104
5 - BK-106
6 -- BK-108
7 -- K-110
8 -- 1-104
9 - KF-106

10 -- BF-106
11 -- BF-107

12 -- BF-108
13 -- 17-111
14 -BF-112
15 -- BF-117
16 -- LF-105
17-- LF-111
18 -- F-101
19 -- F-10420 -- F-108
21 -- F-113
22 -- TF-101
23 -- TF-102
24 -- TF-108
25 -- 0F-101
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TABLE 41. GRADES OF QUARTZ GLASS

Ai
Ill IV

Alii R . I .R-Vitreosid CV.Vdreosil, Speclrosil SpectrosilOl -Vitroosil WF

4'pnmiiti Pursil 453 Pursil 1"elrasil -
Pursil ultri
Pursil optiqite

,-- Supra~il
011IA . 201,204 7-074

;KEY A -- Country
B -- Type of glass
C -- United Kingdom
D - France
E-- FRG
F -- United 3tates

Type IV glasb is prepared by direct oxidation of silicon tetrachloride.
Glasses of this type are not yet produced commercially.

The light transmission of type II and IV glasses undergoes virtually
no change upon irradiation with doses up to 10 0 r. For example, the light
transmission of the quartz glass Suprasil remains unch-nged when irradiated
with a dose corresponding to the dose acting on an artificial satellite in
earth orbit for a year 139].

The radiation-optical resistance of quartz glasses depends evidently
on the hydrogen present in the hydroxyl groups as well as in the free state.
Heat Lreatment of KI quartz glass conducted in a hydrogen atmosphere
P-0.Led us to boost its radiation-optical resistance. Results of compara-
tive studies of the irradiation-optical resintance of initial KI quartz
glass and in the same glass whet treatcd with hydrogen are given in Table
42.

TABLE 42. EFFECTIVE TREATMENT IN HIDROGEN ON RADIATION-
OPTICAL RESISTANCE OF QUARTZ GLASS

IIHA 1,y'IM1 A B ",h,'lJ 1

PCI7I'eI-Ie IF, ;y l F. ..

KEY: A -- Kind of irradiaLlun G -- initial
B --- Light transmission in D -- treated

percent of glass as listed E -- gamwa-raya
F -- x-rays
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I
By selecting the temperature regime for the processing of KI quartz

glass, one can provide conditions under which no hydroxyl groups are
formed in the glass and the light transmission in the infrared region is

not degraded.

Radiation-resistant glasses with low luminescence level

Series-produced optically radiation-resistant glasses of grades K-108
and K-208, by withstanding large radiation doses without noticeable change
in optical density, exhibit very intense photoluminescence. The lumirescence
of these glasses is determined by cerium ions present in the glass and serv-
ing as an activator.

4,0~3 470 51a SJO

?ig. 73. Luminescence of glasses when excited with light
at the wavelength indicated:
A -- 310nm
B-- 25Onm
1 SK glass
2 -- K-108 glass
3 -- KRL glass
KEY: A -- Intensity in relative units

B -- Wavelength in nm

The rcquirements of enhanced radiation-optical resistance and slow
luminescence are most fully satisfied by a grade KRL optical quartz glass.
However, even this glass manifests quite intense luminescence when irra-
diated with protons and electrons and also when excited with light at a wave-
length of 250 rim.

Our systematic studies of the etaect polyvalent Ions have on radiation-
optical resistance and luminescence of cerium-containing glasses enable us
to develop a glass with the following complex of properties;

1) resistant to gamma-ray doses up to 107 r;
2) photoluminescence that is two orders smaller than the photo-

luminescence of commercial K-108 radiation-resistant glass,
nearly 30 times less than for KRL quartz glass;
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3) glasses free of the thermal de-excitation effect; and
4) luminescence of glass when excited with protons and electrons

is 50 times less than the radioluminescence of quartz glasses.

Radiation-optical and luminescence properties of this glass are given
in Table 43 and Figs. 73-74.

S!200-

A 7S 4 5 P 1

Fig. 74 - Thermal de-excitation of the following
glasses
1 -- a and b
2 -- K-108 glass when irradiated with doses of 107

and 1.5 • 106 r, respectively 7

3 -- SK glL-a when irradiated with doses of 10 r
KEY: A -- Intensity in relative units

B -- Temperature in * K

Glasses with low thermal do-excitation level

As stated above, requirements that thermal de-excitation be absent
can be imposed on certain glasses, in addition to enhanced radiation-opti-
cal resistance, since when radiation interacts with glass, some of the ab-
sorbed energy stored in the glass at metastable energy levels of structure
defects and impurity ions in the form of color centers can be emitted as
light quanta when they are exposed to external stimulating factors.

At present radiation-resistant glasses free of thermal de-excitation
are available. Light transmission of these glasses remains unchanged after
gamma-irradiation with doses up to 107 r, and they are free of che thermal
de-excitation effect. This group of glasses must also embrace glasses of
the SK class, which also retain light transmission when gamma-irradiated with
doses of up to 107 r and which do not produce thermal de-exrt.1taton when cx-
puued to high and low temperatures.
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TABLE 43. RADIATION-OPTICAL RESISTANCE AND RADIOLUMINESCENCE

A-- .. . . .. " . ... . . .

Miij2 CT.i'lT . A, I'I 1 D flp1"OTC'AlIMII +)WHl(pUjlai~lf
11c11T .I ,I, I " I

H CK W 97 lie oIapy:*,c.a
K-108 W,1 t1 I, K it- l MI.IfCI

IKPJl 92 92 1 9? 92 5 ,

KEY: A -- Glass grade
B .- Integral light zransmission in percent
C -- before irradiation
D - after gama-irradiation with listed doses, in r
E -- Intensity of luminescence in relative units after

excitation by listed particles
F -- protons
G-- electrons
H- SK
I -- KRL A
J -- N not detected
K-- N not determined

4. Magnetically Radiation-Resistant Materials

To conduct structural studies of liquid and powered organic and in-
organic materials by radiospectroscopy, glass ampules are needed meeting
the following requirements: their light transmission when the ampules are
exposed to penetrating radiation remains unchanged and the ampules do not
produce an electron paramagnetic resonance (EPR) aignal at g 2 2.

Resonance-free glasses

The glasses Luch-I and Luch-tI meet the above requirements [40]; these
glasses suffer no change in light transmission and do not produce aui elec-
tron paramagnetic resonance signal after exposure to penetrating radiation.
Compositions of these glasses are given in Table 40, and their optical and
radiation-magnetic properties are given Table 45.
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TABLE 44. COMPOSITION OF RESONANCE-FREE GLASSES

Aol ',lk 15A 0 C. e . t iiso 1",io

4793 6387 a0,4 1 - 3 ,8 1.3.3 0,8:Aflyq:iC147)66 8:08 7 0,4-- -3038 0,4

KEY: A -- Glass grade
B -- Composition in percent by weight
C -- Luch-I
D -- Luch-I-

TABLE 45. CHARACTERISTICS JF RADIATION-FREE GLASSES

--

CiweiT, i ]i IP ji p v('i |. ' l5 4. 10": 89 89
Z4 KAy IT K 60 I ;10" 80 80

KEY: A -- irade of glass 7
B ER spectra of glasses ut a dose of 10 r

and indicated temperatures in OK
C - Width of FPH spectra in oersteds
"D number of paramagnetic centers, PMC/g
E- Integral light transmission in %
F -- prior to irradiation7
G - after irradiation with a dose of 10~ r
11- Luch-I I -- Lu~ch-II
J - lEPH signal not detected X -- A" above

The EYR signal is virtually absent also in the SK-4B glass we

fformulatedl. This glass does not gielae an electron paramagnetic signal
at radiation doses to i010 r in the 77w3i00 K rangess
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CHAPTER THIRTEEN

MATERIALS SENSITIV'2 TO RADIATION

Dosimetry is based on the laws of the passage of charged particles,
x- or gamma-rays, and neutrons through matter. All these processes are
accompanied by the absorption of radiation energy and ionizition of the
medium.

Materials used for dosimetry must have regular variation in given
properties as a function of absorbed dose. Crystals, liquids, and glasses
are employed as materials for dosimetry.

The proposed classification of glasses for dosimetry (cf. scheme)
provides for their segregation into four groups by physical processes on
which the determination of the absorbed dose is based;

grou'p I - glasses for dosimetry in the optical range and radio range;
group II -- scintillating glasses;
group III -- glasses for activated dosimeters; and
group IV -- glasses for luminescent dosimeters.

1. Glasses ior Dosimetry in the Optical Range

Glassas for dosimetry in the optical range -- absorption dosimeters -

are based 3n the effect of glass darkening when exposed to radiation.
Glasses used in absorption dosimeters must insure the linear dependence of
absorption on the radiation dose. The Bausch-Lomb Cowpany (United States)
produces 0-0621 glass, capable of determining radiaticn doses from several
hundreds of roentgens to 106 r (1]. This glamH has the following composi-
tion (percent by weight): 62.6 SiO2 ; 10,6 MaO; 20.7 B203; 6 A12 0 3 ; 0.1 Co203.

The absorption coefficient of this glass as a function of radiation
dose allthe way up to 106 r varies linearly, and with a further rise in
radiation dose the sensitivity of the glass Is diminished,
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[KEY to scheme presented on preceding page]

A -- Materials sensitive to radiation

-- Glasses for dosimetry in the optical range and radio range
C -- Scintillating glasses

D -- Glasses for activated dosimeters
E -- Glasses for luminescent dosimetry
F -- Glasses for personal radiation dosimeters
G -- Glasses for charged-particle counters
H -- Glasses for thermal neutron do&imetry
I -- Glasses exhibiting increased effect of stimulated thermal

luminescence
J-- Glasses for dosimetry of high doses of gamma-radiation I
K -- Glasses for detecting neutrons
L -- Glasses for dosimetry of fast neutrons
M -- Glasses exhibiting enhanced property of stimulated tribolumines- 7

cence
N - Glasses for paramagnetic dosimetry
0 -- Glasses for gama-quanta counters
P -- Glasses exhibiting increased effect of stimulated photoluminescence
Q -- Glasses for IUerenkov counters

Adding a coloring alkali to silicate glass yielded a dosimetric glass
with stable induced absorption spectra [2-6]. For example, glass con-
taining the following (percent by weight) has a stable induced s gectrum:
70 SiO2, 18Na2 0, i0 CaO, iMgO, 1 B2 03 with the addition of about 0.5 percent
Co203 [7].

Combined addition of several variable-valency ions, for example MnO_,
Fe 20 3, SnO2, yields on .xposure to radiation stable coloring and enhances

sensitivity to low radiation doses. Adding V205 and Cr203 to glasses

containing MrO2 also increases sensitivity to weak radiation doses. These

oxides slow down the decolorizing of a glass after irradiation, but to a
lesser extent than Fe 0 and Sn02. The amount of oxides added is as follows
(in percent by weighi)? 0.3 MnO; 0.05 - 0.3 Fe 203; 0.5 -- 4 SnO2 or

0.3 - 2 MhnO; 0.2 - 2V2 205; and 0.02 - 0.2 Cr2 0 Manganese is added to

the glass composition as the chlorides; iron -- as Fe 2 03 , tin - as SnO2

and anadium -- as V205 [4-6]. Glasses containing a large amount of
antimony are promising ip do3imetry [8]. Adding oxides of cobalt, arsenic,
and manganege to a glass containing antimony enables It to be used in dosi-
metry for exposure to high radiation doses (106 - 109 r) [9].

2. Glasses for Luminescent Dosimetry

Luminescent dosimeters are used for personal dosimetry of gamma- and
x-rav irradiation in the dose range from several bIological equivalent-
roentgens to 600-WO0 be:.
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I
Photoluminescent dosimeters

Glasses used in luminescent dosimeters must ensure the linear depen-
dence of the luminescent intensity on the radiation dose. Phosphate
Corning glass 9761 activated with silver and with the following composi.-
tion (in parts by weight) is used for these purposes: 50 Al(PO3 )3 , 25 Ba
(P03 ) 2 , 25 KPO 3 , and 8 AgPO 3 . This glass exhibits orange luminescence when
excited with ultraviolet light at a wavelength of about 340 nm. However,
it reduces its sensitivity as the energy of x- and gamma-radiation is in-
tensified. To ensure sensitivity uniform over the energy spectrum, a glass _
with the followi,3 composition (in parts by weight) is used: 50 Al(P03 )3 , I
25 Mg(P0 3 ) 2 , 25 LiPO3 , 8 AgPO3 [1].

In Japan [10] a phosphate glass activated with silver and containing
a large amount of lithium and some boron has been produced. Seven glasses
have been synthesized, of which the most interesting is a glass with the
composition (in parts by weight) as follows: 50 LiPOJI 50 AL(P0 3 ) 3 with

additives of AgPO3 and B203' This glass is highly sensitive to thermal

neutrons and gamma-rays. A composition of the charge for a similar Austrian
glass (in parts by weight) is as follows: 6 AL(OH) 3 , 7 LIOH, 3 H3BO3 ,

63 - 75 H PO4, 4 - 5 AgNO ; it is presented in a patent E11]. The studies
[12-18] dial with the foriulation of radio photoluminescent dosimetric
systems bbsed on phosphate glasses containing silver.

Dosimeters based on glasses with heat-stimulated luminescence

In making personal radiation dosimeters, especially in the low-dose
range, much interest lies in glasses exhibiting the property to store
energy on expo7.-'re to various kinds of radiation, and then upon external
stimulation to emit it in the form of light. Ordinarily temperature is used
as the external stimulus, which gives rise to the phenomenon of thermal
doexcitation. The thermalde-excitation effect permits the attainment of
high sensitivity and the measurement of doses over a wide range.

The overall light yield for glass dosimeters evidently will always
be smaller than for crystal phosphors. However, glass dosimeters can
have their own advantages. They can be made in practically any size and
are marked by high uniformity, high chemical resistance, enhanced mechani-
cal strength, and low cost In mass production.

Dosimeters based on glass with the thermal-excitation effect have
found practical application as personal dosimeters with a wide period of
working exposure. The following composition of glasses [19] activated with
manganese (in mole percent) are recommended:

1) 50A 203.3P,0 0, 50Li.2OP-0A;
2) 50AI2O3.3P2O,, 50MgO.PAO•;
3) 50A120l*3PO, 50SrOP 2z0.
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Glasses containing several alkaline-earth elements have been pro-
posed j20) (in percent by weight): 82 - 90 P 2 05 , 3 - 8 MgO, 3 - 12 SrO,A10. and2 aciae wih0.
3 - 8 A1203, 0 - 2 ?bO, 0 - 2 Na2 0, 0 - 3 Li 2 0, and activated with 0.5

0.15 MnO.

3. Scintillating Glasses

Scintillation is a short-term weak flash of light produced by indi-
viduals and photons when absorbed in a medium capable of luminescing.
Both crystalline and glassy materials can be used as an appropriate med-
ium.

Scintillating glasses for gamma-spectrometezs

The well known solid inorganic scintillators are crystalline in struc-
ture. NaI(TI) and KI(TI) monocrystals are successfully used in recording
gamma-radiation. Also, certain inorganic compounds not classified as mono-
crystal or cry•talline powders exhibit appreciable light yield.

Several photoluminescent glasses prove to be quite effective scintilla-
tors. In producing glasses scintillating on exposure to gamma-radiation,
cerium is used as an activator. It produces a luminescence in silicate
glasses lying in the range of maximum sensitivity of the most common photo-
multipliers with antimony-cesium photocathodes.

A glass with a composition 3.3 BaO • B203 0 3.5 SiO2 * 0.4 Al203 ex-

hibits bright blue photoluminescence. S3-56 and 3-56-8 glasses are quite
good in their luminescent properties and suitable for protecting gamia-
radiation (Table 46). The scintillation effIciency of these glasses when
excited with scattered gamma-rays from a Co" source is 2 - 3 percent com-
pared to a NaI(Fe) crystal.

Table 46. COMPOSITION OF SCINTILLATING GLASSES [19].

'' /4• ~ l~ Ce N|i,F"

S I "I I BoM X
77,14 1G,.! 6,43 3 0,08 2

:3-, i 64,81 Ib2,I 9,gC 7,20 0,08 2

*Abova 100 percent.

KEY: A -- Glass grade
B -- Compohition in percent by weight
C -- S3-56

The scintillation efficiency of these glasses can be enhanced by
using ultrapure materials. A glass with a high silica content activa-
ted with cerium is most efficient. The amp' itude of pulses received
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when this glass is used is 10 percent of the pulses fed into the crystal.
Glasses with the following most effective composition are recommended:
Na 20 • 0.3 CeO2  3 - 4 (B203; Sio2 ) I - 1.3 4120

Glasses for detecting neutrons -r

Glass for detecting slow neutrons must contaia enough lithium or boron.
We can anticipate that the ratio of light yield for excitation with elec-
trons to the light yield for excitation with heavy particles will, for this
glass, be close to the ratio typical of other inorganic scintillators. To
reduce sensitivity to gam-m-radiation it is desirable that the glass base
not contain elements with a high atomic number.

The compouiticn of the scintillation glass mist be selected so that
the radiation speczrum will lie within the region of maximum sensitivity
of the photoelec~rV, multiplier, but not be superimposed on the absorption
spectrum. Maximum sensitivity of the FEU-S and FEU-29 spectrophoto-
metric photomultipliers is the region 380-420 nm.

Silicate glasses activated with cerium [21-22] have bright blue lumiLn-
escence. The absorption spectrum of these glasses is in the ultraviolet
region. Lithium can be added to the glasses as an alkali component. From
these considerations, lithium silicate glass activated with cerium was
selected to record slow neutrons. AI

A glass with composition Li 0 . 2 SiO2(Ce) can be used in detecting

2 i 2(C)cnb sdi eetn
zlow neutrons [23]. The scintillation efficiency of the glass compared
to NaI(TI) or elsctronic excitation is 1.4 percent; the ratio between scin-
tillation yields for irradiation with electrons and with alpha-particles
is 3.8 - 4; the de-excitation time constant is 0.15 microsecondE. The
efficiency of glass 0.1 cm thick containing lithium with the concentration
of the Li6 isotope at 90.5 percent is 82 percent for thermal neutrons.
The efficiency of a glass 0.5 cm thick is 40 percent for 10 ev neutrons.

A glass with the composition Li20 • g. 0 ' 0.8 Al 0 (Ce) is also

recommended. CeO2 is added in the amount of 1 mole percent in the form

of CeCl 3 [24]. Lithium silicate glasses activated with cerium are also

recr'mended for neutron detection by other authors [25].
Glasses for Cerenkov counters

Scintillation counters, whose operating principle irvclves measuring
the effect of Cerenkov l"minescenceare used in measuring the energies of
gamma-rays, electrons and protons. Lead glass containing 55 percent oxide
is used for late-model Cerenkov spectrometers [26].

A spectroscope for gamma-raya has been built in the United Kingdom
[27], where the scintillation material consists of a cylinder of F65335
lead glass, The glass is made from pure quartz and specially purified
lead uxide. A lead glass with high light transmission is used in the
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United ,tates for Cýrenkov counters [20]. '11ht density of the ,-"wi i:;
4.6 g/cm) and its index of refraction is 1.724.
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CWAPTER FGURTEEN

MATFMIALS FOR ABSORBING RADIA,'ION-

The ability of a material to most strongly influence a radiation beamJ
passing through it is achieved by adding to its composition chemical elements
with high cross-sections of interaction with given kinds of radiation.

Intense interaction of absorbing materials with radiation results in
the dose they absorb proving to be the optimum compared wi!th other materials
placed under the same conditions. Therefore to ensure the requisite service
]ife of absorbin~g materials, requirements of high radiation stability are
imposed on them.

Since the interaction cross-section and thus, the absorbability of a
material depend on the kind of radiation and its energy, the material of a
specific chemical composition proves to be effective only for a specific
kind of radiation, often in a quite narrow energy range,

In particular, this is true of neutron absorption, sinces as one pro-
ceeds from thermal neutrons to fast neutrons, the pattern of their inter-
action with nuclei changes. Nuclear reactions with fast neutrons are
threshold in nature, and their cross-sections are not large compared with
the enormous croso-sections of certain elements or their isotopes have in
the thermal range . Nonetheless, as the atomic number of an element is
increased, the cross-sections of its nuclear reactions with rapid neutrons
become greater, which enables ,•s to regard materials containing heavy ele-
ments as been more suitable for this purpose.

As for the absorption of charged particles, by virture of their weak
penetrating ability practically any material with a sufficiently thick
layer can serve as an abtorber.

Depending on the kind and energy of radiation they are int4ended to
absorb, materials under consideration can be divided into the following
groups (o.scheme).
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[K-Y to scheme presented on preceding page]

A -- Materials for absorbing radiation
B -- Materials absorbing neutrons
C -- Materials absorbing hard electromagnetic radiation
D - Materials absorbing gamma-rays and neutrons
E-- Materials regulating neutron beam
F -- Glasses absorbing gamma-rays for the inspection windows of hot labo-

ratories
G - Glasses absorbing gamma-rays and neutrons, for the inwpeotion windows

,1f hot laboratories and reactors
H - Glasses for inspection windows, absorbing neutrons at various energies
I - Glasses absorbing x-rays, for x-ray installations
J -- Wall and lining materials for reactors and hot cells
K -- Wall and lining materials absorbing neutrons at diL.erent energies
L - Wall and lining materials for radiation sources and hot laboratories

l. Materials Absorbing Hard Electromagnetic Radiation

Beginning with the initial use of x-rays, and then of nuclear radia-
tion, efforts were made to find the materials for building protective
inspection windows absorbing x-rays and gamma-rays. The main requirements
imposed on glasses protecting against ionizing radiation is high denesty,
which is achieved by introducing oxides of heavy elements. This require-
ment is met by heavy optical glasses, for exam le, crowns and flints that
contain oxides of lead, bismuth, and barium [I1. A second important re-
quirement imposed on protective glasses is their ability to preserve
adequate transparency throughout the entire service period. Since leAd
glasses are marked by reduced radiation-optical stability, it is preferable
to use glasses with additives of 0.5-3 percent cerium [2-3].

Silicat6, borate, and phosphate glasses used as protection conjoining

up to 85 percent by weight PbO or up to 60 percent Bi.2 03 and their density

is as high as 7.8 g/cme. Some compositions of foreign protective glasses
are given in the handbook [41.

Domestic glasses used for absorbing gamma-rays, classifie'1 as super-
heavy flints contain up to 86 percent by weight PbO and have a density up
to 6.5 g/crra. Besides these grades of glasses, there are also superheavy
crowno that have, in addition to high absorbability, also high (up to 106 r)
radi'ition-optioal stability.

As we know, when irradiated, glaoeus accumulate electrical charge,
which can produce breakdown and disintegration of the article. At tlhe
present time there are protective phosphate glasses that yield a weak
effect of charge accumulation. The composition of a charge for this kind
of g!ass, proposed in [5] i &3 follows (in percent)s 26-51 P205, 55-56
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A2 0, 12-26 PbO (HgC, Tl 2 0), and 0-5 A12 03 , with additives of BaO, Th0,

CS20, B 2 20, K2 0, SnO, and ZnO. There are also several compositions of

nonsilicate protective glasses intended for absorbing x- and gamma-radiation
(in percent by weight); 50-90 PbO, 2-20 TeO2 , 0-25 Bi 2 03, 0-10 B2 0,3 and

0-10 GeO2 [6].

Ct.ramic materials serving as protection against ionizing radiation
have a chemical composition that is similar to protective glasses, that is,
they contain oxides of heavy elements usually serving as fillers, for
example, monazite sand or PbO [7]. Additionally, an increase in absorbabi-
lity occurs when a compact material with minimum porosity is produced.

2. Materials Absorbing Thermal Neutrons and Gamma-Neutron Radiation

The interaction of a material with neutrons depends on the properties
of atomic nuclei in itp composition. Past neutrons are very weakly absorbed by
materials without preliminary moderation, which takes place mainly via mul-
tiple scattering The stopping power increases with decrease in the element's
atomic weight [SJ. Isotopes of hydrogen have, as we know, the highest stop-
ping power. Of solid moderators, beryllium oxide is of interest, which can
be added to glassy or ceramic materials. Below is given a characterization
of certain moderators [9].

3P. JiT(X Th A IIf,' Ij 11,0 C

Ko04qtuIwcIIT aa.1,fe n 67 !Y.0 160 180 169

KEY: A -- Moderator
B -- Moderation ratio

Thermal neutrons produced after moderation of fast neutrons can be
absorbed via a nuclear reaction with certain elements. In making glasses
capable of absorbing thermal neutrons, of particular interest are oxides
of cadmium and boron, since with a large capture cross-section they can be
added to a glasq in the required amount. Oxides of certain rare-earth
elements, in spiie of extremely large capture cross-sections, are used
less often mainly due to economic considerations.

For practical purposes cadmium borate is the optimum material from
the ntandpoint of ability to absorb neutrons, however it has not found usv
an a plaso owing to ito eliiht chemical stabi]ity [10]. To enhance the
chumicul atability of cadmlum borate glassca, oxideo of beryllium or
aluminum are added to thor [11t, or el.e they aru uconverted to the boro-
silicate compositions [12-15]. The chemical stability is quite appreciably
enhanced by adding calcium fluoride or the oxides of titanium and zirconium
(Table 47).
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A

TABLE 47. COMPO3ITION OF CERTAIN GLAS5E3 ABSORBING TaRMAL
NEUTRONS

I I oo -
I.- I i CF, Ko, Zr' I -

KEYt A -- Composition in percent by weight
B -- Reference

Glasses containing, in addition to cadmium and boron, oxides of heavy
elements (for example, lead or bari.um), have an added advantage. Glasses
in the system OdO-PbO-B 203 &:e capable of absorbing x- and gamma-rays,

b•it their chemical stability remains only moderate. More resistant are
glasses in the system CdO-BaO-B 2 05 . They have good optical properties

(colorless or slightly yellowish) and are capable of trapping gaumma-rays
in addition to thermal neutrons. However, it is difficult to produce
these glasses under industrial conditions, since they strongly attack the
refractory owing to their corrosiveness.

Glass compositions in the systems By2Oe-hdO-B 20t and Bi 2 03-CdO-SiO 2

[16-171 are known, which can be used to absorb radiation. SPN-1 glasswith a sinear coefficient of absorption 52 cm- is recommended for absorb-

ing neutrons with energies up to 0.5 ev. SPN-2 glass is suitable for
absorbin,•, neutrons at energies above 0.5 ev. This glass, due to its CeO2

content, is marked by enhanced radiation-optical stability, Glasses in
the system Li 2 O-PbO-B 2 03, absorbing thermal neutrons and bremastrahlung
gamma-sadiation are good material for protection aginst radiation £18].

Tomas and GAkas £19] present several glass compositions for the mans-
facture of glass fiber absorbing thermal neutrons (Table 48).

TABLE 48. COMPOSITIONS OF GLASSES FOR MLNUFACTURE OF GLASS FIBER
ABSORBING THEPMAL NEUTRONS 19]

8,9 2 9,0 '1,8 5,4 •j, -
42 ": 13,5 1,3 I Ii I,1 '1 20

50.7 13, - 1- . J,9 3 24.647,' 1 2,3 1 .-- 9,2 2 I

KEY: A -- Composition in percent by weight
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In several cases, indium oxide is added to cadmium borate glasses to
,xpand thi, energy range of neutrons absorbed, for example, a glass with
the composition (in percent by weight)t 55 CdO, 33 F203, and 12 In 2 05 ,

has /I - 26 cmI for 1.4 ev neutrons [20].

To produce chemically stable glasses capable of absorbing thermal
neutrons, Bishop and Pinotti [21] employed a method of adding oxides of
rare-elements to a matrix corresponding to the composition of chemically
resistant commercial borosilioate glasses (Table 49). From 2 to 5 percent
Gd 20 or Sm 2 03 about 100 percent were added to each of these glasses.

TABLE 49. CHEMCTALLY RESISTANT GLASSES ABSORBING NEUTRONS [21]

Si,, ,I,,, I ,,O. l (O i (), , Mo g ,O f ,.(,O, Ci(: ,,,

I I
80 6 1 13 '2.2 -. 0,05 0, 1
74,7 11,2 1 5 0,4 58 1 - 2.61,. 5 - 8,8. 1 , 8. 2 - -

KEY: A -- Composition in percent by weight

The absorption coefficient is particularly high for glasses contain-
ing, in addition to oxides of boron and cadmium, gadolinium oxide. For
example, a glass with the following composition (in tercent by weight):

35 CdO, 33 B203 , and 32 04203, has .. w 413 cm" [20a.

All the glass compoGsitions listed, whose development aimed mainly
at making transparent rrotective sbields,have relatively low softening
points, which does not permit their use as reactor parts functioning at
elevated temperatures. Ceramic materials are more suitable for service
under severe reactor conditions. Ceramics for these purposes can be
produced by sintering oxides as well as nonoxygen compoundo, for exarple,
B 4C (boron carbide).

Ceramic materials containing oxides of rare-earth elements and cadmium
exhibit high absorbing ability (22-23]. Owing to the melting pointu
of these oxides, therie ceramics can be used as control rods and shielding
for high-temperature reactors [25]. An unseparated mixture of the isotopes
Eu, mrn, and Gd fully ensures a high absorption coefficient and can be uned
as fillers (up to 3 percent by weight) in ordinary heat-resiitant ceramic
[24]. Of special interest is the use of ceramicu as a matrix with enhanced
density, for example, in the system BaO-R0, "02, whereO0 is the rare-

earth oxide [25). 'Tiu material his gooa shielding aloo arrairwt gamma-
rays, with an adequate coefficiunt of absorption for therma.. neutrons,
for example, for the composiltion (in mole percent): 20 BaO, 50 3i02, and
30 Gd2O -- W is 95 2 [25].
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Ceramic materials prepared on the basis of absorbing oxides have
adequate heat resistance, however they do not exhibit requisite gas-
tightness owing to the porosity inherent in any ceranic. This disadvantage,
and also the impossibility of producing ceramics by sintering the oxides
CdO and B20, most widely used in absorbing neutrons (owing to their high

volatility) has compelled efforts to find a way of producing a materibl
free of these drawbacks. 4

One way of obtaining heat-resistant, gas-tight materials based on
GdO and B20, is to produce pyroceramics. Compositions of glass-crystalline

materials based on silicate and borate glasses with high content of oxides
of cadmium and indium are known (26-27]. These materials are gas-imper-
meable and have a high coefficient of neutron absorption, high mechanical
strength, and satisfactory refractoriness. Besides these properties,
pyroceramica can meet the requirements on compatibility with the materials
of the supporting structure.

Use of pyroceramice in control rods is somewhat more advantageous
compared to the use of boron steel both in terms of efficiency of neutron
absorption, as well as economy of structural weight, which is of no small
importance for nuclear engines.

lomowhat more promising compared with borate pyroceramios are
silicate glass-crystalline materials (Table 50), owing to their higher
softening point. The radiation stability of these materials must also be
higher, due to their absence of B20,, which reduces their resistance to

neutron irradiation.

TABLE 50. CERTAIN COMPOSITIONS OF CADMIUM SILICATE PYROCERAMICS
(26]

CdO InA Sir). 1f ':,0 'rio A40, ?4. ca lp F

60 0 -- 2 0 5
60 5 15 5110 -..
60 5 15 0 . 5 .

G , 15 10 .
60 5 20 5 -- - -
GO 5 25 -. - o .-

5 2 5 5 -r' 1 2 -- 5 5.
"0 5 25 . I. ' 5
60 0 20 - 0 P -

AO€ 5 1 V'l . . 5 -60 1.5 10

KEYs A Composition in percent by weight
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We have been able to produce glass-crystalline silicate materials

with high CdO content and with a softening point of about 12700 K (Table

51). The satisfactory body crystallization of tne glass was attained by

adding an oxide catalyst, in contrast to the report [27] where metallic
gold was used to induce the glass to crystallize.

TABLE 51. PROPERTES OF SYNTHESIZED PYROCERAMICS

S|111 I TlIOCTh TeM; , ypaHilll~ ;111) IIIIgH IYR li- [I ?CAI siM 'KPII

is • .r I.• ,.. ,, , - 7  F -.

. I ,5 1 4,72 1230
I-1 ! 36 85 4, j8 1220

2503 1140

|':.13 i 40 1 ,8 5,18 12701.-'-14 ! 42 Ri,4 5,43 , 1270

XFYs A -- Material
B -. Coefficient
C -- of absorption, in cm
D- of thermal expansion in the 300-1000° K

range, oa * iO- 7 in deg 1

E -- Density in 9/cm3

F - Softening point in K
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